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ABSTRACT

Fourier transform techniques have been the favored methods in the analysis of
signals and systems. One major drawback of Fourier methods is the difficulty in
analyzing transient and/or non-stationary behavior. Recent advances in the field of
wavelet theory show much promise in alleviating these problems. This thesis considers
thé realizations of the wavelet decomposition and reconstruction algorithms for the
discrete case. The major discussion will involve both the one and two dimensional
transforms. We also present a multiple-phase development as a second and possibly a

preferable method for decomposing signals.

Accesion For

NTIS CRA&I g
DTIC TAB
Unannounced O

Justification

By
Distribution [

Availability Codes

. Avail and for
Dist Special

gl |

ot

iii




TABLE OF CONTENTS

I. INTRODUCTION .. ... ... ittt ittty 1
IO. BASICWAVELETTHEORY .. .........0 i, 3
A. THESCALINGFUNCTION ¢(X) . . .« v vt v i i i i i e v e e ns 5

B. THE WAVELET BASISFUNCTION ¢(x) ................ 10

C. THE DISCRETE WAVELET TRANSFORM . .............. 11

1. Decomposition . ...........cciiii iy 12

2. ReconstruCtion . ... ........ouuveeeunnnneennnnn 14

III. ONE DIMENSIONAL DWT DEVELOPMENT ................. 16
A. DECOMPOSITION . . . ..... 0 ittt it 16

I, Causality . . .. ..o i e e 16

2. PhaseSelection . . ............ iy 18

3. Zero-Paddingofthe Data Array .................... 18

4. Energy Determination . ................0tvuunnn. 20

5. Approximation and Detail Time/Scale Diagrams . . . ... ... .. 23

B. RECONSTRUCTION . ... ... ...ttt iiinnnnneeeens 25

iv




IV. TWO DIMENSIONAL DWT DEVELOPMENT ................. 29
A. INTRODUCTION . ...... ...ttt 29

B. DECOMPOSITION . . . . . .. ittt ittt ittt e e 32

1. Decomposition Mask ...............c0ii. 32

2. Zero-paddingofthe Data Array . . . .................. 36

3. Energy Determination . . ...........00uiiiieuunnn.n 39

C. RECONSTRUCTION ........cittiiinernnneeennnns 41

1. Reconstruction Mask ................... .. ...... 42

2. Zero-padding of the Coefficient Arrays . ............... 44

3. Two Dimensional Example ....................... 45

V. MULTIPLEPHASEDWT . . . .. ... . ittt 48
A. ONE-DIMENSIONAL MP/DWT . ............¢c.ciuue... 49

B. TWO-DIMENSIONALMP/DWT . ..............ccivo... 57

VI. MATLAB DWT ROUTINE DESCRIPTION ................... 64
A. SYSTEM CONFIGURATION ...............c0cvue.... 64

B. GENERAL PROCEDURALSTEPS .................... 65

1. One-Dimensional General Procedures . ................ 65

2. Two-Dimensional Procedures . ..................... 66

C. OBTAINING GRAPHICALOUTPUT ................... 67




VII. CONCLUSIONS . ... i i i 68

APPENDIX DWT MATLAB FILE LISTINGS ................ 70

A. ONE-DIMENSIONALROUTINES ..... ... ..t u... 70

B. TWO-DIMENSIONAL ROUTINES . ... .. .. ... 92

C. ROUTINES COMMON TO BOTH DIMENSIONS ........... 113

LIST OF REFERENCES . . . . . o ittt it e e e e e e e e e e e 116

INITIAL DISTRIBUTION LIST . . . .. . et e e e e e e e e 117
vi




LIST OF FIGURES
Figure 1. Example Function f(x) .. ... ... ..ot i, 4
Figure 2. Blurred f(X) . ... .. ..ottt it 4
Figure 3. Detail (d(X) - . . . . . i vttt ittt i e e e 4
Figure 4. Vector Subspaces ............ ... .. 6
Figure 5. Another View . ... ... .. ... .. 6
Figure 6. Determining m=0 Coefficients . . . . .................... 13
Figure 7. Decomposition Algorithm . . ......................... 13
Figure 8. Reconstruction Algorithm . .. ........................ 15
Figure 9. Shift Factorof 2forN=4 ... ... ...... ... .. .......... 16
Figure 10. Definition of the Work Array . ....................... 19
Figure 11. Transient Signal . . . .. ... ... ... ... .. ... 21
Figure 12. EnergyineachLevel .......... ... ... ... .. .. ... 22
Figure 13. Mesh Plot for the Energy of the Approximation Coefficients . .. .. 23

Figure 14. Contour Display for the Energy of the Approximation Coefficients . 24

Figure 15. Mesh Plot for the Energy of the Detail Coefficients . . . ........ 24
Figure 16. Contour Display for the Energy of the Detail Coefficients . . ... .. 25
Figure 17. One-dimensional Reconstruction Work Array . . ............. 26
Figure 18. Original Transient Signal and Reconstructed Versions . . .. ... ... 27
Figure 19. Magnitude of the Absolute Error of the Reconstruction. . ....... 28

vii




Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.
Figure 30.
Figure 31.
Figure 32.
Figure 33.
Figure 34.
Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.

Figure 41.

2-D Decomposition Routine . ........................ 31
Mask HiH, .. ........ .. . 33
Mask HiG, . . . . .. ittt it e e e e e e e e 33
MaskGH, . ... ... ... i 34
Mask GG, . . . . .. i e e e e e 34
The Four Possible 2-D Decomposition Phases ... ........... 35
Phase-00 Work Array . ........... ... .. ... ... 36
Phase-10 Work Array .. ... ........ ... .. ... 37
Phase-Ol Work Array . ............. ... .. 38
Phase-11 Work Array .. ..... ... ... ... 39
SquareImage ... .... .. ... e 40
Energy Distribution . . ............ .. ... ... .. . ..., 40
2-DReconstruction . . .. ... ... ... 42
Decomposition Mask G H, .......................... 43
Reconstruction Mask HG, . .. ........ ... ... .. ...... 43
Phase-00 Reconstruction Work Array . . ................. 44
Work Space for Phase-10,10,11 Cases .. ................. 45
Mesh Display of the Coefficients for Level m=-3 ... ......... 46
Contour Display of the Coefficients for Level m=-3 ... ....... 46
Reconstructed and Original Mesh Comparisons . . . ... ........ 47
Reconstructed and Original Contour Comparisons . . .......... 47
Alternating of Coefficientsby Phase . . .................. 50

viii




Figure 42.
Figure 43.
Figure 44,
Figure 45.
Figure 46.
Figure 47.
Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.

Figure 53.

Phase-Tree Diagram for Resolution Levels m=0tom=-3 . ... ... 51
Sample BPSK Signal [Ref. 4] . ... .................... 53
Approximation | Cp | 2 . . oo e 53
Detail [dp |2 @ . oo it e e 54
MP/DWT | Can |2 it e e e e e 54
MP/DWT |du |2 .. o e e 55
MP/DWT Pattern Development form=-2 . . . ... ........... 56
Definitionof Z,, . ............ ... iieeini... 59
Phase-Tree Diagram . ... ... . ... . ..., 60
MP/DWT Energy Display . ......................... 61
Mesh Display of the Stored Energy form=-3 ... ........... 62
Contour Display of the Stored Energy form=-3 . . ........... 63

ix




ACKNOWLEDGMENTS

I thank my thesis advisor, Professor Lam, for being patient and pushing me in
completing this thesis. I also appreciate all the technical support in both the Electrical
and Computer Engineering SUN and PC labs, who all showed me the light in the picky
world of the UNIX and PCDOS operating systems. Last but not least, I thank Kathy Ho

for showing me that there is more to life than just studying.




I. INTRODUCTION

The recent advances of wavelet theory have spurned much interest in many
disciplines: earthquake detection, medical EKG’s, and multiple resolution signal
processing. We are most interested in the last discipline listed, multiple resolution signal
processing. Using wavelet theory in this field opens several areas of interest. In the
one-dimensional case, analysis of short-time duration signals such as radar pulses, can
possibly lead to better discrimination of similar but distinct radar sources. For the two-
dimensional case, statistical pattern recognition using wavelets can aid in identifying
skewed or rotated images. Lastly, for both dimensions, wavelet theory can be used in
data compression, which has major applications particularly in transmitting data on a
bandwidth-constrained channel. Traditionally, most means to date use Fourier methods
to attack the problems in the areas of interest discussed previously. However, for
transient and/or non-stationary phenomena, Fourier techniques give inadequate results in
the transform domain, even when we modify them to include a dimension of time. Thus,
wavelets can serve as an alternative to the conventional Fourier transform techniques for
analyzing such transient and/or non-stationary behavior.

This the«is develops one and two-dimensional invertible discrete wavelet transiorms
(DWT). 386MATLAB and PROMATLAB Version 3.5 are the software tools used for
386 or better PC’s, and for the UNIX-based SUN workstations. We did not use Fortran

and C programming languages to maximize the portability of the routines, but such codes




could be developed very easily from this thesis. These routines can be used by other
researchers for more in-depth analysis of signals and systems.

Chapter II will cover the basic principles of the wavelet theory, particularly for the
discrete dyadic case. Although many volumes are dedicated to the field, this cursory
outline of the theory will provide the basis for notation used throughout the thesis.
Chapter III will entail some important concepts such as causality and spillover effects that
must be accounted for in the DWT. We expand these ideas further into the two-
dimensional case in Chapter IV. Chapter V proposes another method for decomposing
the data at the expense of physical memory, the so-called multiple-phase DWT
(MP/DWT). The MP/DWT possibly approximates the continuous WT, with the property
of time invariance. Chapter VI gives a narrative description of the MATLAB algorithms

developed. Finally, we present our conclusions in Chapter VII.




II. BASIC WAVELET THEORY

Since wavelets are a relatively new and less established field to most readers, one
main question asked is "what are they?” We introduce the topic in here by an example.

Consider a function f(t) that has discrete levels as shown in Figure 1. We
decompose f(x) into a lower resolution level. In other words, we desire to smooth (or
average) out f(x), or to low pass filter the function to a coarser level. Figure 2 depicts
the resulting decomposition function _f(x), where a is a scaling factor. For the dyadic
case, we set o to two. If we compare the original function f(x) to the coarser function
J(x), we note that the detail is .d(x)=£(x)-,f(x) as shown in Figure 3. If we had the
detail and the decomposed signal, we can theoretically reconstruct f(x) without any loss
of information. The decomposition (and the reconstruction) process can go to any
arbitrary resolution level m. Usually, we sample the signal at a rate higher than or equal
to the Nyquist rate, and set the resulting sampled data to be at the highest resolution level
(say level m=0). All other resolution levels would be in the negative direction. This
process could be repeated for the next lower resolution level by operating on the current

level in an iterated manner.




et ]
st .
s} .
s} J
2} -
1+ -.
°s = ry e s
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The primary goal is to find a set of orthonormal basis functions that will do the
smoothing of the original level and retain the details for reconstruction in a more
practical manner. The low pass filtering process uses a function called the scaling
function ¢(x) while the detail basis function uses the wavelet basis function y(x), both
of which are also orthogonal to each other.

The described method is a coarse level in the understanding of the wavelet theory.
We must now go to a higher resolution level of knowledge to better comprehend the

following chapters.

A. THE SCALING FUNCTION ¢(x)

The region L%(R) depicts a vector space where a function f(x) resides and satisfies
the condition of having finite energy, or the inner product of f(x) with its complex
conjugate is finite. Consider a family of embedded closed subspaces, V, such that the

infinitely largest subspace is L%(R) while the infinitely smallest subspace {0}.

[ for@ds = (f@.f®) ) < = 1)

(lower resolution ... C V, C V, C V,, C ... higher resolution)




Additionally, for each vector space V,, in V,,, let W, be an orthogonal complementary

space to V,, in V_, such that V_,,=V_ ®W_. We show the spaces graphically in

Figure 4.

'
Sageser

¥
>

V, Vi Vi

Figure 4. Vector Subspaces
Note that if given V, and W, to W, ,,, we can obtain the vector space V.., as shown

in Figure 5.

v m » 0 // Vm+k+1

W W wm+k

m m+l

Figure 5. Another View




A function f(x) will lie in a vector space V,, if and only if it can be written as:
£ =Y c.. 27 ¢@™x-n) (2)
nel

where we adjust the width of ¢(x) for unit grid spacing at resolution level m=0. The
inner product of ¢ with an n-shifted version of itself must equal zero
( <é(x),6(x-n)> =0).

In order to normalize the scaling function for the corresponding resolution level in
the L*(R) space, multiply the scaling function by a factor 22 while also dilating in the
spatial domain. The following two equations simplify the notation for the rest of the

derivations.

b, = 6. = 27 $(2"x) ®

6. = 6.0) =27 ¢ Q1) = ¢ (x-2""n) @

Let P, be the orthogonal projection of a function in LR) onto the vector space
V.. Note that Equation 2 is a harmonic series representation of the function projected
onto the V,, space, with ¢, denoting the weighting coefficients for the basis function.
This is similar to the evaluation of the fourier coefficients for the fourier series expansion

with its basis functions.

¢, = {f), 9, ) 5




Thus Equation 5 can be viewed as a convolution of the function with the mirrored

scaling function sampled every 2™ seconds.

— f(X) * q->m |2"'n ©
The recursion property for the scaling function only depends on two adjacent resolution

levels m and m+1. Since V, C V,_,,, we have:
¢m = §( ¢m ’ ¢m+1,k > ¢m¢l,k (7)

We define the filter coefficients in terms of the inner product of Equation 7 as

-1
B = [0, do2x-Rdx =22 (&, b, ) ®)

We are now able to bring the previous equations into a form known in the wavelet
field as the fiundamental dilation equation. This is a two scale difference equation
relative to the two adjacent levels.

@) =Y 2 h(®) dx-k) ®

k

A finite set of h(n) coefficients gives very desirable traits for selecting wavelets
with compact support. Major research in the field has been in the study and
determination of the family of scaling functions that are of compact support and
orthonormal. With the scaling function being orthonormal, we define the following

properties which are relative easy to prove [Ref. 1: pp. 689-691]:




[om ax =1 (10)

Ekj h(k) = 1 (11)
)RCCRE 12)
k

2 ij h(k) h(k-2n) = d(n) (13)

Going into the spectral domain, the low pass properties of the scaling function are

obvious from the next four equations.

o = H(-fz-) d>(§) where H() = Y h(e ¥ 14)
k
o-1 H (—f-] 15)
p=1 \¥
Y h® =1 = HO =1 (16)
k
B P+ [HP P o= an




B. THE WAVELET BASIS FUNCTION y(x)
In a manner analogous to the development of the scaling function, the wavelet basis
function y(x) determines the W, vector space. In a similar fashion to Equation 2, we

define the detail function as follows:

4.0 =Y d, 27 y@r-n) 18)

neZ

The wavelet basis function is of the form of a constant-Q band pass filter function,
increasing an octave in bandwidth as the frequency increases an octave. Since W, is
orthogonal to V_, the inner product of each of the spaces’ basis functions should equal
zero ( < Y(x) , ¢(x) > = 0). This relationship is so intertwined that by knowing a
valid set of ¢,,’s, a set of y,,’s can be derived for a particular resolution level.
Consequently, knowing the h(n) coefficients will determine the appropriate coefficients
for the wavelet basis functions given as g(n).

We define the wavelet basis in a similar fashion as the dilation property in Equation

Yx) =2 Ekj g(k) $(2x-k) (19)

The {y,(x-n)} is an orthonormal set spanning W,,. The g(n) coefficients share many of

the properties of the h(n) sequence with the following exceptions:

10




j vmdx =Y gk =0 20)
k

\Ir(f)=G[!2f] @[f;] 1)

Mallat [Ref. 1: p. 681] and Daubechies [Ref. 2: p. 944] chose the g(n)’s in terms

of the h(n)’s as follows:

gm) = (-1)'™" h(1-n) 22

C. THE DISCRETE WAVELET TRANSFORM

Note that Equation 6 shows the lower resolution, or the approximation, signal’s
weighting coefficients as a convolution of the time reversal of the h coefficients with the
signal f(x) sampled every 2™ seconds. Using the recursive properties of the scaling
function, it is easily shown that the approximation coefficients of the lower resolution
levels also can be determined from approximation coefficients of the higher level. In

particular:

11




= SO, b0
j f(x); € Dprbper? Pmrd®

9]
L}

=; < ¢,,,’¢,,,.1> Iﬂx)¢m»1dx
T b <S50

(23)
1
=Y 2% hk) c,,,
k
1
=22¥" h(k) c,,,2n+k)
k
1
=27Y" h@2n-j)c,,., ()
J
where h(n) = h(-n).
The detail weighting coefficients can similarly be determined as
1
d,, =273 g2n-pc, 0 @4
j

Recall that the d_,’s are the detail coefficients of the orthogonal projection of f(x) onto
the W, vector space. The entire collection of {dp,}, or {Cya} U {dp : m = -M} is

called the discrete wavelet transform.

1. Decomposition
Decomposing to any lower level requires that the L*(R) function be initially

convolved with ¢,(-x), and sampled at a unity interval to obtain the coefficients, cy(n),

as shown in Equation 2, and graphically depicted next:

12




Figure 6. Determining m=0 Coefficients

Once the c,, coefficients are known, we use Equations 23 and 24 in an
iterated manner to obtain the set of coefficients for any arbitrary level. For the dyadic
case, this process is a convolution, a two-times decimation of the result, followed by a

2'72 scaling factor.

C > ——ﬂ?—»{: P
d,.;.x
——» G —» i 2 —»b—»

Figure 7. Decomposition Algorithm

eo
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2. Reconstruction
Recall that V,,=V,® W,. The c’s reside in the V_ space and the d,’s
lie in the W, space. Thus, a projection of a function onto the next higher level should
equal the sum of the projections onto V_, and W_. Let P, and Q, be the projection

operators onto the vector space.

Pt = PN ® Qip

P alft = Y cu(Dd,.,ax-27"0)
7
2
P} = Y c (m, (x-27"n) @5

Q. =Y d (mv,x-2"n)

Matching the terms in Equation set 25 and doing several transformations of

variables, we get the following:

Cme1 =V2 2; e (D h(n-21) +d, (1) g(n-21)] 26)

Equation 26 shows that the reconstruction of the approximation coefficients
of one level higher can be realized by putting zeros between the lower resolution
coefficients, convolving with the respective H or G filter, adding and then scaling the

result by 2'2. We show a block diagram of this basic algorithm in Figure 8.

14
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d“"—lﬂszﬁ G —j

Figure 8. Reconstruction Algorithm

For the rest of the discussion, we will concentrate primarily on the
approximation and detail coefficients. It is the properties of these coefficients that are
of importance in relation to the DWT process.

The basic procedure would be to decompose the data array, starting from the
highest resolution level. Next calculate the coefficients for the next lower level, while
retaining the details, d,,, and using the resulting approximation coefficients to calculate
the next lower level. Repeat this procedure until reaching the lowest desired level where

now both the approximation and detail coefficients are retained.

15




OI. ONE DIMENSIONAL DWT DEVELOPMENT

A. DECOMPOSITION

1. Causality

Recalling that the decomposition algorithm of Figure 7, a finite data vector
of the sampled signal, ¢y, can be decomposed to its lower resolution coefficients, ¢, and -
d.;.. This process requires that the data array be convolved with the respective filters.
These filters are the time-reversed version of the H and G vector array. At the output
of each convolution, there is a two times decimation. The 2! scalar multiplication
normalizes energy the in the L*(R) domain.

Consider a finite array c,, of length L. Let ¢, to be a non-zero set only if
the indices, n, satisfy 0 < n < L-1. Also set the number of h coefficients equal to an
even number N. By using Equation 23, the convolution process can be depicted as

shifting the h’s by a factor of two each time.

C

Q0,0

C,,|C,,l C

0,1 0,2 0,3 0,4 0,8 0,6

C,,|C

0,7 0,9 0,10

Shift by two w— h h h h — shift by two

Figure 9. Shift Factor of 2 for N=4
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In an effort to make the transform a causal system, we desire to make all the
non-zero data coefficients have indices greater or equal to zero since negative indices
would equate to negative time. This reconstruction gives two possible sets of indices for

the h filter coefficients.

e {h('N+ 1):- . ,h(-2),h('1),h(0)}

® {h(-N+2),...,h(-1),h(0),h(1)}

We allow the negative indices for the filter since we already know the filter
coefficients (a-priori data). These two sets for the filter coefficients equate to the two
possible phases that can be used for the decomposition. For notation purposes, we will
set the largest value of the indices to equate to the type of phase decomposition, phase-0
or phase-1.

By using Mallat and Daubechies selection of the g coefficients in Equation
22, there is a problem that occurs. While the resulting convolution with the h mirror
filter gives the values for indices that are greater or equal to zero, the output of the detail
coefficients give values for negative indices. In other words, given we define the h’s
with phase-0 indices, the resulting g coefficient indices are all greater or equal to one,

as shown in Equation 23.

17




In order to get both the c,,’s and d.’s to fall into the right hand side, we
must find another relation for g in terms of h, that satisfies the properties in Equations

18-21. The follcwing equation will serve the purpose:
g(n) = (=1)™ h(-N+3-n) @7

2. Phase Selection
The decomposition can proceed with the choice of phase to select. The
selection of the desired decomposition phase and size of the input vector, L, determines

the total number of coefficients at the lower resolution level.

phase-ts {2, )] - [XE]
(28)
phase-t: [eh ] - [ 2Et

3.  Zero-Padding of the Data Array
The basic algorithm uses the dot product between the h (and g) coefficient
vector with a set of data coefficients, c.,’s, that are obtained by a sliding window on the
input coefficients, c,,,, vector. The sliding window shifts to the right on a generated
work vector to simplify the programming. This work vector is a zero-padded version
of the input coefficient vector. Depending on the length of the input data array, the
selection of the phase, and the size of the filters, the required zero-padding can be

determined for the beginning and the end of the sequence.

18




If we select a phase-0 decomposition, we will generate the work array by
initially padding one zero on the left. Additionally, if the size of the data array is even,
we append another zero to the end of the sequence. For the phase-1 case, we pad the
work array with one zero at the end of the sequence only if the original array is odd.
After determining all these conditions, we finally pad the work array with N-2 zeros both

in the beginning and the end of the intermediate sequence.

Initially pad with one zero if the
Phase-0 : the aumber of coefficients in the
array is EVEN,

o S—

0O O Original coefficient array
L | ! ] | { |

N-2

, Initially pad with one zero if the
Phase-1: the number of coefficients in the
array 1s ODD.

Figure 10. Definition of the Work Array

In esoteric terms, a phase-1 decomposition for each level would be more
efficient. Practically, this savings in memory is very insignificant, since the number of
practical resolution levels is approximately [log,( | ¢, | )1. Additionally, this reduction

in the size of the workspace is balanced by a larger workspace during the reconstruction

19




process. Most importantly, desiring only to decompose the data with only the phase-1
case for each level may miss some properties of a signal, which will be further discussed

in Chapter V.

4. Energy Determination

One quick method in assessing if the decomposition routine is working
without doing the reconstruction is to check the energy of the signal in each resolution
level. Recall that Equations 2 and 18 are harmonic series representations. By using
Poisson’s Summation Formula (PSF), the energy in the function in the spatial domain is
equal to the total energy stored in the weighting coefficients of the transform domain.
Tﬁis property holds true when the basis functions are orthonormal in the L*(R) space.
Thus, the energy of a higher resolution level’s approximation coefficients is equivalent
to the sum of the energies of the approximation and detail coefficients one resolution

level down.

Y e = X [chiedd) @9)
n {

By normalizing the energy to the input resolution level, m=0, a quick check
of all the levels will add confidence to the program accuracy. In addition, this energy
check shows the numeric truncation errors inherent on the processing unit used. The
display of the energy will provide further insight on possible compression schemes for

classes of signals, since the energy may be only concentrated at certain resolution levels.
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Now as an example, consider a one-dimensional transient signal’, with a
phase-1 decomposition for all the levels and using a Daubechies 2-tap filter (N=4)

[Ref. 2: p. 980]. The following diagrams show the original signal and the energy plot.

»x10~—3
10 y r .

—_ i

o S50 100 150 =200 250

Figure 11. Transient Signal

* Professor Michael A. Morgan, Chairman of the Department of Electrical and
Computer Engineering at the Naval Postgraduate School, provided the transient data
included in the MATLAB routines called "et90.m ." This signal is the back-scattered
transient electromagnetic field from a 10cm long thin-wire illuminated by a double-
Gaussian impulse, computed using a time-domain integral equation. The other transient
signal provided by Professor Morgan is "et60.m". The numbers 90 and 60 correspond
to the angle of incidence that the double-Gaussian impulse impinges onto the wire’s axis.
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Figure 12. Energy in each Level

The energy check going up from the lowest resolution is depicted next. Note

that the Daubechies h filter coefficients are only significant to 1072 places, thus they

cause insignificant numerical errors in the reconstruction.

Verification of the energy in each resolution level

Level Energy in Energy in C Difference
level m-1 level m
c+d

-7 0.000024166621151 0.000024166621151 0.000000000000000
-6 0.000258409042490 0.000258409042489 0.000000000000000
-5 0.001707402900115 0.001707402900114 0.000000000000001
-4 0.015878270678385 0.015878270678372 0.000000000000013
-3 0.197762381708774 0.197762381708634 0.000000000000140
-2 0.474398688169256 0.474398688168927 0.000000000000329
-1 0.936969604304463 0.936969604304102 0.000000000000361
o] 1.000000000000806 1.000000000000000 0.0000000C0000806
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5. Approximation and Detail Time/Scale Diagrams

One interesting result of the DWT for the one dimensional case is the display
of the energy on the time/scale plane. The scale can easily be related to frequency by
noting that the highest resolution is the sampling frequency at m=0. As the scale
decreases one level, we halve the center frequency for this scale.

Figure 7 shows the decimation of the coefficients by a factor of two. When
we obtain the output of the decomposition process, the coefficient’s are in a packed
format, meaning that the appropriate time spacing is not preserved. Thus, 2™-1 zeros
must be padded between each coefficient for a particular resolution level m.

The following time/frequency diagrams show the transient signal, mentioned
in the previous section, with the proper spacing of the coefficients’ energy in the

transformed domain.

Zoormed Emnergy Display of the Approxirmation Phose: 11111711

Figure 13. Mesh Plot for the Energy of the Approximation
Coefficients to Eight Resolution Levels
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Zoomed Conrntour Displaoy of the Approxirmotion Prhrose: 1111111
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Figure 14. Contour Display for the Energy of the
Approximation Coefficients to Eight Resolution
Levels

Zoomed Energy Display of the Detall Phaose: 11111111

Figure 15. Mesh Plot for the Energy of the Detail
Coefficients to Eight Resolution Levels
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Zoormed Contour Disploy of the Detaoll Phgase: 11111111
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Figure 16. cContour Display for the Energy of the Detail
Coefficients to Eight Resolution Levels

B. RECONSTRUCTION

Figure 8 and Equation 25 show the realization of the recomposition routine by first
inserting a zero after each coefficient. Next we convolve the array with their respective
filter, sum, and finally normalize by a factor of 2'2, This process is essentially an

interpolation.
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Since we have defined the indexing of the h and g coefficients during the
decomposition phase, the recomposition process is fixed to one of two methods
depending on the decomposition phase used to get to that resolution level. The same
dyadic convolutional algorithm can be used for the recomposition after initially massaging
the input data arrays, and shifting one unit to the right instead of two. Initially, the h’s
and the g’s are reversed in order.

Now we generate the workspace vectors for the respective coefficients. Append a
zero AFTER each of the input coefficient vectors. Then add two more zeros at the end
of the modified work vectors. Finally, if the phase-1 decomposition process was utilized
to obtain the coefficients, append another zero at the beginning of the modified sequence.
The diagram below summarizes the work vector definition prior to running the

convolution algorithm.

o
o
o
o
o
o
o
o

X
2
X
&
X

- Pad one extra zero for the phase-1 case ONLY

0 - Pad one zero AFTER every "packed” coefficient

- Individual coefficients from the "packed” format

Figure 17. One-dimensional Reconstruction Work Array
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All the information needed for the reconstruction is the selected phase
decomposition to get the ¢’s and d’s for that resolution level. One factor to note is that
with Equations 26, there is a possibility that an extra coefficient be generated in the
reconstruction process. This extra coefficient will theoretically equal zero, but
numerically it may not and can be cascaded into a notable error if not accounted for. So
since we know the length of the input vector at resolution level m=0, the size of the data
array will be known for all levels since we retain all the detail coefficients. Any extra
zero-valued coefficient generated can be identified as such and ignored in going up to
the next resolution level.

Errors in the regeneration will be totally manifested as numeric errors of the
computer processors. The following diagram shows the reconstructed transient signal

and absolute error with the original.

©.01 Original Doto Phosa: 1111111
c.cos | |
o
—o0.00s | |
_0.010 5JO 160 1 éo 260 250

Wovelet: Daubechieas 2—tap

.01 r Reconstructed Doto
0.00S% | 4
o
—0.00S | ]
—0.01 s i — i
so 100 150 200 250

Resclutiorn leve! O

Figure 18. Original Transient Signal and Reconstructed
Versions
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»x1O—14 Abscolute Error In the Recons truction

o.6 | ”!1

‘)H‘

, J

(=] S50 100 150 200 250

Resclutiorn Level O

Figure 19. Magnitude of the Absolute Error of the
Reconstruction. Notice the maximum value.
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IV. TWO DIMENSIONAL DWT DEVELOPMENT

A. INTRODUCTION

Arguments for the DWT can be generated for any higher dimension. Of particular
concern is the two-dimensional case for image processing. The vector subspaces now
will reside in the L?*(R?) vice L%R) space. A two-dimensional scaling function ¢(x,y)
exists whose scaled dilations and translations for a particular resolution level form an
orthonormal basis for the vector subspace V,,. By making the two-dimensional scaling
function separable, ¢(x,y)=¢(x)¢(y), each vector space can be decomposed as a tensor

product of two identical subspaces in L¥(R).

V =V, V. (30)

The tensor product can be viewed as the in-phase and quadrature-phase components in

V.. The properties depicted in Figures 4 and 5 still apply for the two-dimensional case.

V

m+]

1 1
= VM*‘I ® de

= (W, © V,)® (W, ® V) G

= (Va® V,)® (@ W,)® (W, ® V)& (Wo® W)
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Notice that ¢, defines a set of orthonormal basis functions in V,,,’ and ¢, in W_'.
Thus, Equation 31 implies that four sets of equations form the orthonormal basis of V.,

we summarize in the following table.

Basis Vector Space Basis Frequency
Function Coefficient Characteristics
OX)om Pua(Y) | V! ® V! Ca(k,D) Vert Low Pass

Horiz Low Pass

Xz YmalY) | V' O W, 'd(k,D) Vert Low Pass
Horiz Band Pass

VX)am PaaY) | Wo! @ V! 2d (kD) Vert Band Pass
Horiz Low Pass

V(X)am VoY) | Wa! @ W 3d_(k,1) Vert Band Pass
Horiz Band Pass

Let P,, 'D,, °D,, and *D,, denote the projection of a L%(R?) function f(x,y), onto
vector subspaces V, ® V,_, V, @ W_, W_ & V,_, and W, ® W_, respectively. Then in
a fashion analogous to Equation 25, the vertical and horizontal low pass operation of
f(x,y) onto resolution level m is as follows:

P.f = (fE0)** 0uby) = 233 ¢, (kD $,2"-H6,2"y-1) ()

kle2?

Notice that the weighting coefficients, ¢, are now indexed in two-dimensions.
Similarly, the 'd,, ’d,, and 3d, coefficients can be determined which correspond to the
low horizontal and high vertical, high horizontal and low vertical, and high horizontal

and high vertical frequency details.
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Since the three two-dimensional wavelets and the one low pass basis functions are
separable, the two-dimensional case is very easily realized. The weighting coefficients
can be determined by first decomposing on the rows, then the columns of the array, or

vice versa. The general algorithm is depicted in Equations 33-36 and Figure 20.

Cpoys)) = 22; ; ¢, (k. D), (1-2j) b (k-2i) (33)
‘d,ﬂ(i, J) = 22 E cm(k,l )h,l (-2 gv(k—2i ) (34)
| S 4
2, G,0) = 2). Y ¢, (k1)g, -2k, (k-2i) (35
k 1
M, 7)) = 2Y) Y ¢, k. 1)g,(1-2)g, (k-2i) (36)
E 1
~ ~ 3
Gh Gv i/2h»—ﬂJ/2V—— dm-l

o
i

v \/2h~\L2v__2d

Ca %

H, G, vzh—\l/zv—dm-x
H, H, \/2h \lfzv——cm-l

Figure 20. 2-D Decomposition Routine
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B. DECOMPOSITION

We will use the convention in image processing that the upper left corner is the
starting and the lower right is the ending data point. This way, we extend the idea of
causality into two dimensions, where the spillover effects will fall to the right and below
the input array.

1. Decomposition Mask

By looking at the 'd_, coefficients’ indices between the left and right side of

the equation, generate a two-dimensional mask by forming the outer product of the

vertical and horizontal filter coefficients.

HG, =[g) - [h) €))
where [h]=[h(-N+2) ... h(0) h(1)]. Similarly the masks for H,H,, G H,, and G,G, also
can be easily determined.

We require four masks to decompose successfully an image as suggested in
Figure 20 to generate the coefficients ¢, 'd,., %y, and *d,,. H,H,, H,G,, G,H,, and

G,G, are the corresponding filter masks as shown next:
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h!(1-2)h‘$-2)

h(-1)h(-2)
h v

hﬁo)hv(-Z)

hél)hv(-Z)

hls-Z)hv(-l)

hé-l)l%(-l)

hh(O)l’:’('l)

h(1)h(-1)
h v

Figure 21.

h(-2)h(0) h{(-1)h(0) h(o)h (o) h(1)Yh(0)

h v h v h v h v

h(-2)h(1) h(-1)h(1) h(o)h(1) h(1)h(1)

h v h v h v h v
Mask HH,

h’(‘-2)g$-2) hh(—l)q,(-z) héO)q'(-z) hél)g‘}-z)

h}s-z)gv(-l) hé'l)%('l) hh(O)gv(-l) hh(l)gv(-l)

hh(-Z)QV(O)

h(-1)g(0)
h v

hh(o)%(o)

h}fl)gv(o)

h(-2)g(1)
h v

h(-1)g(1)
h v

h}SO)gv(l)

hk(‘l)gv(l)

Figure 22.

Mask H,G,
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gls-z)l}’(-z)

g(-1)h(-2)
h v

g%o)h‘$-2)

9&1))‘1‘5-2)

g(-2)h(-1) gg—l)h(-l) g(o)h(-1) g(1)h(-1)
h v v v h v
g(-2)h(o0) g(-1)h(o) g(o)h(o) g{(1)h(0)
h v h v h v h v
g(0)h(1) gg-l)h(l) g£0)h(1) g(1)h(1)
h v v v h v
Figure 23. Mask G.H,
gt(l-z)g‘(,-Z) g}f-l)q’(-Z) géO)q’(«Z) g}gl)gv(-Z)
gh(-z)gv(-l) gé-l)q'(-l) gh(o)%(-l) . gh(l)gv(-l)
gh(-z)g‘go) gh(-l)gv(o) gh(o)gv(o) g}fl)gv(o)
g(-2)g(0) g(-1)g(1) g(0)g (1) g(1)g(1)
h v h v h v h v

Figure 24.

Mask GG,
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These masks generate the corresponding coefficients by shifting by a factor
of two to the right and downward through a workspace array. With the one-dimensional
case, there were only two possible phase decompositions. Ncw four possible phases

exist. Obviously, the workspace array is different for each phase decomposition.

ATA ATA
Phase-00 Phase-10
K MASK

A A
Phase-10 Phase-11

Figure 25. The Four Possible 2-D Decomposition Phases

35




2.  Zero-padding of the Data Array

As stated from the previous section, the work space arrays are different from
each other depending on one of the four decomposition phases selected, the size of the
mask, and the size of the input array. These considerations must be noted.

The generation of the work array for the phase-00 case first consists of
determining if the input array rows and/or columns are odd or even. If either of them
are even, append a corresponding extra zeros row or column to the bottom or right of
the input array, respectively. Given the number of rows and columns for the mask as
N, and N,, add N,-1 zeros rows above and N,-2 zeros rows below the modified input

array. Append N;-1 zeros rows to the left and N;-2 zeros rows to the right of the

modified input array.
h
p—r—
[o](e]{e]}(e](e]iel(e](e]{e] If # columns is even
N'l{_MASL( ololojolololololo add one more column
v olojolofolololofo of zetos
OOO 05X O
olojo ATA oo
ololo sJolo
ololo 00
ololo
ololo 0
olololololdololo
ololojololoYlolo } Nv 2
———'
h If # rows is even

add one more row
of zeros

Figure 26. Phase-00 Work Array
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For the phase-10 case, if the original array’s rows are even and/or if the
columns are odd, add one respective zeros row/column to the corresponding bottom/right
of the modified airay. Next add N,-1 zeros rows above and N,-2 zeros rows below the

work array. Lastly, add N,-2 zeros columns to the right and left of the array.

h
o
o |0/0]0[0|1010[0]0 If # columns is odd
N-l{ "1 [oJojololo]ololo add one more column
v OOOOOOOO/ofuros
@)
[o}{®) o
o](e] DAT o][e}
(o]]e)] QJo
oo Qlo
oo olo
Q10 olo
o](e][e]{o][e] (s \[e][e}] (0][0][o][e)
[o](e][e](e][e][e), ®]|®] (e){e][e][e] }Nv2

Z
" A
[\
yd

If # rows is even
add one more row
of zeros

Figure 27. Phase-10 Work Array

Alternatively the phase-01 case, if the original array’s rows are odd and/or
if the columns are even, add one respective zeros row/column to the corresponding
bottom/right of the modified array. Next add N,-2 zeros rows above and below the work

array. Lastly, add N;-1 zeros columns to the right and N,-2 zero columns to the left of

the array.
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} 2
'

If # columns is even

add one more column
/ of zeros

N2 {

[e}[e]
O[O
0|0

olojolAolololo
ololojoplojolo

is]{e](e](e](e][e][e][e]
O|0]|0|0}0|0|0}0
o] {e][e](e][e][e] [e]]e]

oj0 }N"2

A\

0|0
00
G
O

Z
i
~

If # rows is odd
add one more row
of zeros

Figure 28. Phase-01 Work Array

Lastly for the phase-11 case, if either of the input array’s rows or columns
are odd, then include a corresponding extra zeros row or column to the bottom or right
of the input array, respectively. Given the number of rows and columns for the mask
as N, and N,, add N,-2 zeros rows above and below the modified input array. Add N,-2

zeros rows to the left and to the right of the modified input array.

38




Z
o

h
f—,
N"2 { " oloJo]oloJolo]o If # columns is odd
v (ol[e}[e](e][e][e][e](e] add one more colomn
oo/ofzeros
@)
[e][e)] DATA O
(e](e] (o] [e]
[e][e] (0][e]
[e][e] 0|0
Qo
[e][e] O
(e]{e][e][e]{e] Qjo
(o]{e]{e][e][(®](e] O }sz
— \
Nh-2 If # rows is odd
add one mote row
of zeros

Figure 29. Phase-11 Work Array

3. Energy Determination
Similar to the one-dimensional case, adding up the squares of the four sets
of coefficients at resolution level m will equal the energy in the coefficients for the next
higher level, m+1. This is a natural two-dimensional extension of Poisson’s Summation

Formula, discussed previously in Chapter III.A.5, as shown as follows:

Y lepal? = XX (lcnl? + 1,12 « 24,2 + |%4,[2)  ©8)
J k j k
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As an example, consider an image of a centered square, in Figure 30,
decomposed down to three resolution levels with a phase-00 HAAR wavelet. The energy

plot in Figure 31 shows the distribution of the ¢’s and the four d’s for each level.

Square Imoge 3D disploy of the Image
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T
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L
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Figure 30. Square Image
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Figure 31. Energy Distribution
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Except for numerical computations of the computer processor, all the energy
from the lower d coefficients plus the energy of the lowest ¢ coefficients add up to the
energy of the original coefficients, c,. The following energy check results for the two-
dimensional case, normalized to ¢,. Notice that there are no errors since we used Haar
h filter coefficients and that the two-dimensional decomposition uses a normalization

factor of two vice the square root of two.

Verification of the energy in each resolution level

Level Energy in Energy in C Difference
m level m-1 level m
c+d1+d2+d3
-2 0.440942796610169 0.440942796610169 0.000000000000000
-1 0.751059322033898 0.751059322033898 0.000000000000000
o] 1.000000000000000 1.000000000000000 0.000000000000000

C. RECONSTRUCTION

Since the scaling and wavelet basis functions are separable, the reconstruction
algorithm closely follows the same process as in the one-dimensional case. First each
row/column is zero padded appropriately and reconstructed with the one-dimensional
technique. Then process each resulting column/row in a similar fashion but with a one
unit shift to the right and then downward, as in a raster scan. We show this process in

Figure 32,

4]




2 [
LRI P ENIP e H |»G C_(1,3)

=1 —pif2 12 Gh

T

Figure 32. 2-D Reconstruction

By taking another look at Figure 32, a more efficient method can be realized. By
padding each coefficient in the array with one zero in both the horizontal and vertical

directions, we can then slide a reconstruction mask through the padded array.

1.  Reconstruction Mask
We generate the reconstruction masks in a similar fashion as in the
decomposition case, but with the important noie that the coefficients are in the reverse
order to accommodate the reconstruction convolution depicted in Figure 32 and the

following equation in matrix notation

GH, = Ih)" - 1) (39)

where h=[h(1) h(0) ... h(-N+2)].
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Another simpler way to generate these masks is to reverse the order of the
decomposition mask in both the horizontal and vertical directions. We show the
comparison of the two masks in Figures 33 and 34 for the G ,H, case only, all other

reconstruction masks can be similarly related.

gé-z))},(-z) g)f-1)l"1,(-2) gi‘o)h‘(-z) gs‘l)h‘g-Z)

gr(,_Z)hv('l) gg‘-1)h‘;-1) g(ho)h‘s-l) g}(xl)hv(—l)

gé’z)l"x’(o) gé-l)hv(o) g’(‘O)hv(o) gél)l’:’(o)

gS‘o)h\(’l) gg-l)hv(l) ggo)hv(l) gél)hv(l)
Figure 33. Decomposition Mask GH,
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gél)h‘gl) géO)hv(l) gg-l)hv(l) 9&;2)1’:’(1)
g(1i)h(o) g(o)h(0) g(-1)h(0) g(-2)h(0)
h v n v h v n v
g(i)h(-1) g{o)h(-1) g(-1)h(-1) [g(-2)h(-1)
h v h v h v h ~
g&z)n(-z) g{orh(-2) g{-1Yh(-2) {g(-2)h(-2)

v v v n v

FPigure 34. Reconstruction Mask HG,




2.  Zero-padding of the Coefficient Arrays

In order to use the reconstruction masks, we generate the work array for the
lower level coefficients to accommodate for the decomposed coefficient array and mask
size, and the decomposition phase that was selected.

The phase-00 reconstruction work array is the smallest of the four work
spaces. The coefficient array is padded initially with one zero to the right and bottom
of each of the individual coefficients. This makes the modified array have an even
number of rows and columns. Then append N,-2 columns of zeros to the right of the

array followed by N,-2 rows of zeros on the bottom.

0 0 00O
oi0j0f{0j0(00 O

0 0 0 00
0/0/0j01l01]0]0 O

o%o olo o

0/0(0}0 0(0 o0

N2 rows of zeros { 00 0 00 0 0O
00 0 0 00 00O

NV-Z columns of zeros
% - lp11al Array Coefficients 1o a packed format

- Padded zero put to the right, bottom or the bottom right of the
1ndividual packed coefficients

Figure 35. Phase-00 Reconstruction Work Array
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For the phase-10 case, add one extra column of zeros to the left of the phase-
00 work array. Alternatively for the phase-O1 case, append one extra row of zeros to
the top of the phase-00 work space. Lastly for the phase-11 situation, insert both one

row and one column of zeros to the top and left of the phase-00 case.

Add one row of zeros for
either:

Phase-01
L Phase-11

Phase-00
Reconstruction
Work Array

from the previous
diagram

Add ogne columa of zeros for
either:

Phase-10

Phase-11

Figure 36. Work Space for Phase-10,10,11 Cases
3. Two Dimensional Example
Consider the diagram of Figure 30, the following plots are the resulting mesh
display of the decomposed coefficients three resolution levels down (m=-3) using a Haar
wavelet and a constant phase-00 selection for each level. The top left diagram is the
approximation coefficients, c,. Going in a clockwise manner, the following plots equate

to 'd,, %d,,, and *d,, coefficients.
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Figure 37. Mesh Display of the Coefficients for level m=-3
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Figure 38. Contour Display of the Coefficients for level
=-3
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Figures 39 and 40 compare the original and reconstructed image coefficients

displayed as mesh and contour plots.

Reconstructed C arroy Actual C array

Resolution Level O

Figure 39. Reconstructed and Original Mesh Comparisons

Reconstructed C orray Actual C array
100 , 100 .

50

. i

50 100 50 100

Resolution Level O

Figure 40. Reconstructed and Original Contour Comparisons
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V. MULTIPLE PHASE DWT

For both the one and two-dimensional transforms, we selected a single phase for
decomposing to the next lower resolution level. If we decompose down to a fixed level
m=M while picking different decomposition phases for each level, we generate a
different set of coefficients. This set of decomposition coefficients and any other set of
decomposition coefficients will successfully reconstruct the original input array as long
as we note the phase used to obtain each particular resolution level from the previous
one. Such a disparity in the sets of coefficients suggests that the DWT process of a two
times decimation is not shift-invariant. In other words, if we decomposed the input array
with one type of decomposition scheme, our coefficients would be different if the input
array is shifted before the low pass and band pass filtering processes occurs. As a note,
using the energy check routine, we can see the distribution of the energy of the
coefficients change as the phase decomposition scheme varies. So this shift variant
property can be further exploited by varying the phase for possibly optimizing or
concentrating the energy of families of signals to certain resolution levels.

However, we desire linear shift invariant (LSI) systems for the analysis of data.
For the continuous WT, this property is generally true, however for the DWT case, this
aspect is not. One way to bypass this obstacle is to account for all the phases during

each accomposition. We call this technique the multiple-phase DWT (MP/DWT). A
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thorough discussion for the one-dimensional case will first be presented, which will then

be extended into the two-dimensional case.

A. ONE-DIMENSIONAL MP/DWT

Consider the case of going from the data input resolution m=0 to m=-1. The
coefficients that can be generated are one of two sets, depending on whether we selected
the phase-0 or the phase-1 case. We really need only one of the two sets to decompose
to the next lower resolution level m=-Z to maintain perfect reconstruction. Also, we
need to pick which phase to decompose from m=-1 to m=-2. Thus for level m=-2,
there are four possible phase combinations that can result: 00, 10, 01, and 11. The
ordering of the subsequent phases is read from left to right to correspond to decomposing
from level m=0 to m=-2 and we call this a phase vector. Thus ;,oCc,s would be
interpreted as the set of approximation coefficients at resolution level minus two and
decomposed with a phase vector of [10] with an index of five. In general, for any
resolution level m <0, the total number of phase combinations is 2™.

Looking again at going from the m=0 to m=-1 case only, we can see that by
sliding the filter coefficients by one instead of two units to the right, the resulting
coefficients alternate on the phase selection starting with the first coefficient in the phase-
0 set followed by the first coefficient in the phase-1 set as shown on the next diagram.
We determine the total number of coefficients in level m=-1 just like a linear discrete
convolution, which is the number of data points from level m=0 plus the length of the

filter mask minus one (| {co} | + N - 1).
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h,lh,|hyl h, [o]cl.o
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Figure 41. Alternating of Coefficients by Phase

Going from level m=-1 to m=-2 wiil require a slight modification before shifting
the filter mask by one to the right as discussed in the previous paragraph. Since two
sets of decomposition coefficients are interleaved, a zero must be appended between each
coefficient in the filter mask for properly decomposing each set of coefficients. The first
four values in the resulting set correspond to the phases: 00, 10, 01 and 11. This
association repeats for each four values in level m=-2. In fact, the spacing of each
coefficient in a desired phase is properly indexed by the same amount as the number of
zeros padded for display purposes in the Chapter III.A.S.

This observation can be generalized to any arbitrary level m. In this case, separate
the filter coefficients by 2-1 zeros before the conducting single shift to the right. By
noting the resolution level m, the order of the phases can be determined as the binary bit
reversal of the binary values counting from zero to 2™-1. We show this characteristic

as a phase-tree diagram for resolution levels m=0 to m=-3.
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Resolution Level

m=0

m= -1

m= -2

Figure 42. Phase~Tree Diagram for Resolution Levels m=0 to
m=-3

We now define new filter sequences, h, and g,, (m <0) for decomposing the values

Cuy to the next level ¢, ,. The revised filter sequences are defined as

h, = [ h(-N+2) {0}, h(-N+1) {0}_ ... {0} h(0) {0} h(1) ] 0)
8. = [ 8(-N+2) {0} g(-N+1) {0} ... {0} g(0) {0} g(1) 1]

where {0},=2"-1 length zeros vector
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Thus, the MP/DWT equations are given as follows [Ref. 3: p. 3][Ref. 4]:

1

- = Z ‘/ihm(k) Comivk-1 @1

k=-N+2-(N-1)27™-1)

and .

m-1,i Z ‘/-2.8 m(k) 3m,i*k-l (42)

kx-N+2-(N-1}27™-1)

Qo
u

The total number of coefficients also can be generalized in terms of the size of the
input array, | d, |, the size of the h or g mirror filters, N, and the current resolution

level, m:
l6,] = leol + (N-D)@™-1) @3)

So enough memory must be allocated if we desire lower and lower resolutions, since the
number of possible phases increases by a power of two each step downward.

Consider a BPSK signal shown in Figure 43. Using a Haar wavelet and a phase
vector of [11111111], a contour display of the energy in the approximation coefficients
and of the detail coefficients results and are shown next. Notice that much of the 180°

phase shifts are not readily detectable.
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Figure 43. Sample BPSK Signal [Ref. 4]

Zoormed Cormtour Disploy of the Approximotion Phose: 1111111
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Figure 44. Approximation |c,|?
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Zoormed Contour Dispioy of the Detoil Phaose: 11111111
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Nurfmber of cormntours: 10

Figure 45. Detail |d,|?

Now for the MP/DWT case, the 180° phase shifts of the BPSK signal are now very

apparent in both the approximation and detail coefficients:

Muitiphrose Contour Disploy of the Approxirmation

0
T

-1 resolution level
N w >
T T T

-
¥

(=
(e} 100 150
10 contour levels
Figure 46. MP/DWT |c, ]’ 54




Multiphrose Contouwur Displioy of the Detoil

-n resokttion level

-

o SO 100 180 200 250

10 contour levels
Figure 47. MP/DWT |d,|>

Twice the energy of the coefficients for the current resolution level will equal the
total energy on adjacent lower level’s approximation and detail coefficients, since there
are two valid sets of coefficients for the reconstruction to the higher resolution. So the
energy checking routine discussed in the one-dimensional DWT is still valid as long as
we account for a factor of one half when going up one resolution level.

The actual zero padding of the filter masks is not the most optimum method in the
determination of the decomposition coefficients’ proper phase order. A much more
efficient technique can be determined by noting the pattern that develops as Equations
42 and 43 and writing it out explicitly. The following diagram shows the developing

pattern for m=-2.
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m=-
Cnrl Cﬂl 2
c(0) =aldc(D) O 0 ) L= |C o‘
c(1) =a3c(1) O 0 0
N =|n|-4
c(2) =aldc(2)+a2c(0) o] o] (L 1)2—m
c(3) =a3c(3)+a2c(1) 0 0
c(4) =a3c(4)+a2c(2)+a1c(0) 0
c(5) =a3c(5)+az2c(3)+a1c(1) o]
c(6) =a3c(6)+a2c(4)+a1c(2)+alc(0) where:
c(7) =a3c(7)+a2c(5)+a1c(3)+alc(1)
[a0 al a2 a3 ... aN-1]
c(L+N-3)  =adc(L-1)+a2c(L-3)+alc(L-5)+a0c(L-7) [h(-N+2) .. h(0) h(1)]
C(L+N-2) = 0 aZc(L-2)+atc(L-4)+a0c(L-6) or
C(L+N-1) = 0 az2c(L-1)+31.(L-2)+a0c(L-5) (8(-N+2) ... g(0) g(1)]
c(L+N) = 0 0 alc(L-2)+a0c(L-4)
c(L+2N8-3) = 0 0 alc(L-1)+a0c(L-3)
C(L+2N-2) = 0 0 0 aDc(L-2)
c(L+2N-1) = 0 0 0 a0c(L-1)
\___\/’___/
(N-1)
Figure 48. MP/DWT Pattern Development for m=-2

Notice that the coefficient set, ¢, is a summation of N vectors with | ¢, | +(N-
1)(2™-1) elements. We pad some of the vectors with zeros either in the beginning or the
ending of the approximation sequence of the current level and multiply by an appropriate

scalar value from one of the filter coefficients. The following equations summarizes the

development:
N-1
o) =X 4, X, a4, = JZh(-N+2p) (@)
p=0
N-1
@} =X b1, b, = V2g(-N+2+p) (45)
p=0
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where

Y, ¢ [0, a0, (46)

{0...} ={zeros coefficient row vector of size (N-1-p)*2™}
{0,..} = {zeros coefficient row vector of size p*2™}.

This vectorized technique is faster than the iterative process of padding the filter
coefficients appropriately. However, we need more buffer space to calculate the data,
which is dependent on the number of resoiution levels desired.

The reconstruction process works in a very similar fashion as in the DWT case.
All we need is the selection of the coefficient sets, which in turn determines the unique
path back upwards in the phase-tree diagram, similar to Figure 8. Once we select the
desired phase at the lowest resolution level, the we extract the corresponding
approximation and detail coefficients and put them in a packed format. Then the DWT
reconstruction commences to get up one level, where we extract the next set of detail

coefficients. We repeat this process until we reach resolution level m=0.

B. TWO-DIMENSIONAL MP/DWT

Since we define the basis functions as separable in the two orthogonal directions,
we can use the same arguments discussed for the one-dimensional case. When we talk
about coefficients and masks, they are now two-dimensional arrays as discussed in

Chapter IV. Thus, the basic equations for the two-dimensional MP/DWT are
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1
éoab) =2 Y Y H,H (k)¢ (a+j-1,b+k-1) @7
=N+ 2-(N,-1)27™-1)
k=-N_+2-(N -1)27™"-1)

1
'd, @b =2 Y Y H,G (G h)é (a+j-1,b+k-1) 8)
J=-Ny+2-(N - 1)27™-1)
k=-N_+2-(N-1)27"-1)

1
d, @b =2 YY G H G k) (a+j-1,b+k-1) @9)
J==Ny+2-(Ny-1(2™-1)
k=-N,+2-(N,-1)(2™-1)

1
d @b =2 YY) G,G,(K)é, (a+j-1,b+k~1) (50)
J=-Ny+2-(Ny-1X27"-1)
k=-N,+2-(N -1)(27™-1)

where the top left commer of the mask corresponds to location (a,b)=(0,0), and the
positive directions are to the right and downward [Ref. 3: pp. 2-3]:.

Even the one-dimensional vectorized process converts into a "matricized” process.
Here, the resulting coefficient array is the matrix addition of N;xN, total matrices, each
appropriately padded with zeros on all four sides and multiplied by one of N,xN, scalar

values. The two-dimensional equations result as follows:

Ny-1 N,-1

v

{ém-l} = 2 Z a4 Zm apq = 2Hth(—N+2+p,—N+2+q) (51)
p=0 q=0
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Ny-1 N-1

v

(o} = = T 0,2, by = 2HGUN2epN209) (52)
p q=

N,-1 N,-1

v

d,.}=Y Y, Z Cpe = 2G,H(-N+2+p,-N+2+q) (53)

p=0 q=0

Ny-1 N,-1

v

{sam-l} = E Equ Zm qu = 2Gth(-N+2+p,—N+2+q) (54)

p=0 ¢=0

This time we define Z, graphically in the following figure:

-m
(Nh'l'p)2 Zeroes

-m
P27 zeroes

(Ny-1-g)2 -1 q2' B
zeroes zeroes
i -- zero coefficient array
Figure 49. Definition of Z,,
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The phase-tree diagram can be viewed in three dimensions to more appropriately
show the proper interleaving of the phases. Since there are four possible phases, there
will be four more locations in the indexing of the data on the next lower resolution level.

The total number of coefficients would be

[Rows,+(N,-1)2™-1]{Colsy +(N,-1)2™-1)] (55)

where Rows, and Cols, are the number of row and columns of the original image.
In order to view the phase-tree diagram correctly, we must consider each resolution level

as a new plane for the ordering of the coefficients.

Figure 50. Phase-Tree Diagram
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The MP energy display of the coefficients closely resembles the display for the
single phase case. This energy display differs by the fact that they are the normalized
average energy values for each level. As before, we normalize the energy to the
resolution level m=0. Consider as an example, a MP/DWT of the image in Chapter IV
using Haar wavelets and decomposing down to m=-3. The following display shows the

MP/DWT energy plot:

wovelet horiz: Hoar waovelet vert: Haoar
1 b - 1 b -
©.8 ~ 0.8 .
O.68 | ~ .6 |- B
oO.4 - ~ O.4a | =
0.2k ~1 0.2+ -
o o
< a1
g2 d3
1 - 1 ~
0.8} ~ o. - .
0.6 | ~ 0.6 | -
O.4 |- ~ oO.4 - -
o.2F ~ .2 F -
ol ™1, o _
Q o
mMmultiphose caose
Figure 51. MP/DWT Energy Display
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and the energy check is as follows:

Verification of the energy in each resolution level

Level Energy in Energy in C Difference
m level m-1= level m
c+dl+d2+d3
-2 0.441935911016949 0.441935911016949 0.000000000000000
-1 0.751059322033898 0.751059322033898 0.000000000000000
0 1.000000000000000 1.000000000000000 0.000000000000000

The MP/DWT of the three-dimensional energy display for all the coefficients of

the image and the corresponding contour images for the m=-3 case are as follows:

wavelet vert: Haar

wavelet horiz: Haar

s

multiphase case Resolution leve] -3

Figure 52. Mesh Display of the Stored Energy for m=-3
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wavelet 'horiz: Haar
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Figure 53.

wavelet vert: Haar
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F —————— >
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'd3
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Resolution level -3

Contour Display of the Stored Energy for m=-3
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V1. MATLAB DWT ROUTINE DESCRIPTION

The Appendix lists the developed DWT algorithms. We categorize them primarily
into two classifications, the one and two-dimensional cases. In each situation, we further
define two subgroups, the single phase DWT and the MP/DWT. Included with the
software is an ASCII version of this chapter in a README.TXT file. This chapter first
describes the system configuration to run the routines. Then we list brief steps for each
of the two general cases. These steps are not totally inclusive, but the program’s
prompts will fill any other gaps in the routine. Finally, we discuss important
considerations for obtaining graphical output of the results since this is highly dependent

on the system hardware.

A. SYSTEM CONFIGURATION

Minimum hardware requirements for the PC version are an Intel-386
microprocessor with a math co-processor, Microsoft DOS or Digital Research DOS 5.0,
VGA, at least three megabytes of hard disk space, and four megabytes of RAM, for most
of the DWT applications. However, we recommend at least eight megabytes of RAM
for using arrays greater than 10,000 elements, or if m<-5 in the two-dimensional
MP/DWT case. Also, some DOS memory managers may conflict with the Pharlap DOS
extenders that MATLAB Version 3.5 uses. For the Sun workstations, in order to operate

PROMATLAB Version 3.5, we recommend the Open Windows or Sunview graphical




environments with at least eight megabytes of RAM. Any further memory can be
negotiated with the system administrator. Note that UNIX-based operating systems

discriminate characters between upper and lower case letters.

B. GENERAL PROCEDURAL STEPS

Initially, we must be in the MATLAB environment prior to running any of the
routines. Either generate in MATLAB or load the sampled data for resolution level
m=0, and assign a variable name. If and files with the prefix, "leg", and the suffix,
*.met" (all in lower-case letters), exists in the current directory, they will be deleted once
the DWT routines commence. Thus if you desire to retain these files, rename them.

The DWT routines use these files as the output graphic files for the routines.

1. One-Dimensional General Procedures

a. If you have no data, the routines include three files as data that can be loaded.
Type "load" followed by a space and then one of the three names: "et60.m",
"et90.m", or "bpsk". The variable name will be either "et60", "et90", "bpsk".

b. Invoke "wavld" in lower-case letters.

c. Enter the variable name of the input data.

d. Enter the sampling frequency, <RET > if not known.

e. Select the desired h coefficients.

f. Select "Y" if you desire the MP/DWT routine and skip to step k.

g. In you did not select the MP/DWT routine, the single phase DWT commences,
decomposing the coefficients until resolution level m=-[log.( | ¢, | )] with an

initial query of if you desire to see the intermediate resolution level displays.

h. Choose either the phase-0 or phase-1 decomposition for each resolution level.
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After the final decomposition, the energy checks commence.

Select "Y" if you desire to do the reconstruction process. If so, answer yes or no
if you want to display the intermediate levels.

Lastly, the time/scale display commences, and the series of questions ask if you
want to zoom in or out and what number of contour levels you desire.

For the MP/DWT case, steps i to k are essentially the same except for the

reconstruction, where you must initially select the desired phase, thereby fixing
the phase path back up to level m=0.

2. Two-Dimensional Procedures

If you do not have any input data, invoke "idata" for a small selection of images.
The variable "im" (in lower-case letters) will be the input for step c.

Invoke "wav2d" in lower-case letters.

Enter the variable name of the input data array.

Select the desired h coefficients in the horizontal direction.
Select the desired h coefficients in the vertical direction.
Select "Y" if you desire the MP/DWT routine.

Enter the number of resolution levels to go down. An initial good selection is
four since this will cover all four possible phases.

For the single phase DWT case, select one of four of the decomposition phases
for each level.

After the final decomposition, the energy checks commence.

For the single phase DWT case, select "Y" if you desire the reconstruction
routine.
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C. OBTAINING GRAPHICAL OUTPUT

Except for the initial time/frequency plots, all other displays will query you if you
want to store the plot. If so, the plot is stored as a metafile with the prefix of "leg” and
the suffix “.met". A number starting from zero is put between the prefix and suffix, for
example, legl4.met would correspond to the fifteenth stored plot in the DWT routine.
Output of these metafiles are hardware and system dependent. Refer to the GPP
command in the MATLAB User’s Guide for more detailed information. Two
C-shell script files, called "metal3" or "metal4”, will generate a temporary Postscript
file for plotting on a Postscript printer all the metafiles retained from the DWT routine.
The use of these files is currently only guaranteed to work at the US Naval Postgraduate
School Electrical Engineering Department’s Sun workstations, and we list them here as
a guide in generating other C-shell script files for a particular system. For the DOS
version, the following command will generate all the metafiles onto a HP Laserjet III
printer as long as the we invoke the following DOS command in the same directory as
the metafiles: for %f in (leg*.met) do gpp386 %f /djet150 /ol /fprn . If you put it in
a DOS batch file, echo the percent sign ( %% instead of % ). Please note that the
computer may take some time generating these plots. Be also aware that depending on

the size of the plot, the graphic files may exceed the printer buffer memory.
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VII. CONCLUSIONS

In this thesis, we developed discrete wavelet transform algorithms for both the one
and two-dimensional cases. The iterative mechanism of decomposing the data
coefficients by a convolution-and-subsample process is achievable. These realizations
require that the scaling and wavelet functions form orthonormal sets with compact
support. Also for the two-dimensional case, the basis functions were separable in the
two orthogonal directions.

We found that the output of the decomposition coefficients can be causal provided
that the definitions of the indices for both filter coefficients, h and g, must be selected
to accommodate the causal condition. In fact, the definition of the g filter coefficients
must be adjusted from the definitions given by Mallat and Daubechies. We found for
the one-dimensional case, the decomposition is simply a dot product of the filter
coefficients with a set of values windowed from the higher resolution level approximation
coefficients. This window subsequently shifts two units to the right for the next
decomposed coefficient. We found that the reconstruction process uses the same
decomposition algorithm if we separate each of the individual input values by a zero, the
filter coefficients are time-reversed, and the shift is now one unit to the right at a time.

The two-dimensional case was a natural extension of the one-dimensional process.
We found that the decomposition can be realized as a mask element multiplication and

summation, with the mask shifting two units to the right until the row completion and
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then two units down to process the next row of coefficients. The shifting of the mask
is similar to a raster scan. The reconstruction follows the same process as in the
decomposition but each of the input array coefficients are separated by a row and a
column of zeros, the filter masks are spatially reversed in both direction, and the raster
shift is one unit instead of two.

We found that there were two possible phases in decomposing the data in the one-
dimensional case, and four possible phases for the two-dimensional case. This led to the
conclusion the current decomposition algorithm was very shift variant, contrary to the
continuous version to the wavelet transform, which is shift invariant. We then
determined that the discrete case can possibly approximate the continuous version if we
account for all the phases during the decomposition. We then developed the multiple-
phase discrete wavelet transform for both one and two dimensions. The coefficient sets
for a particular phase can be interleaved with other sets of a different phase. We found
that the multiple-phase was more capable in detecting discontinuous properties of data

than in the regular discrete wavelet transferm, such as a binary phase shifting function.
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APPENDIX DWT MATLAB FILE LISTINGS

A. ONE-DIMENSIONAL ROUTINES

%.-..- (2242 (14 1] (212X TIY TS AL R 223112 )
% 15 SEP 92

% WAVID.M  The One Dimeasional Discrete Wavelet Transform

%

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA

% c-mail: legaspi@ece.nps.navy.mil

% lam@ece.nps.navy . mil

% Phone: (408) 646-3044/2772

%

%...“ .89 SONSSSAPGOOPEPIBESEIINIERER RTINS
%

% This routine docs s one-dimensional dicrete wavelet decomposition
% of a one-dimensional dsta array. The algorithm allows for the

% sclection of the desired phase for the respective decompositon

% level. The following routines are neceasary for the proper

% opecration of this algorithmn:

%

% chkputer.m -- algorithm checks for compatible hardware

% daubdata.m -- determincs the b coefficients for a daubechics
% compactly supported orthogonal wavelet

% mp.m -- MultiPhase decomposition

% phal.m - selects the phase-1 decomposition

% phsO.m  -- sclects the phase-0 decomposition

% dpscoef.m -- display the coefficients for each level

% enrgld.m -- determines the energy check for each resolution
% reconld.m -- reconstruction algorithm for verification

% plane.m - displays the coefficients in the time-scale domain
% stplt.m -- stores the plots in meta-files

%

cle

chkputer % Checking for the basic hardware necessary

%

% c0 corresponds W the resolution level 0, the original data
%  array.

cle

<0 = input(’Enter the name of the data in vector row format: °);

% We will check if the data is in row format, if in column format,
% wuke the transpose of the input.

(i1 j1) =size(c0);
if H==1c0=c0";
clseif i1>1&j1>1,
disp(’Bad Input Duis. Restast the Progmam’)
return
end
clear il j1
B e emnmcem e smaacanaeasenneacscasanansannranseaenennnnnn
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fsamp = input('Enter the sampling frequency (Hz): °);

B e e roceienrieaceceaveneaaemme e taseeaeetnnesnn e rressenecnnan
% The following code determines the desired wavelet

for i=1:8.disp([’ '}).end

ql ={"Enter the number for the desired choice: *
'(1) Haar b coefficients '

*(2) Daubechics h coefficients

*(3) Own set of h cocfficients

' gy

disp{(ql)

q4q=inpuy(* );

if qqq==3.
h=input{’Enter your own set of h coefficients’);
%Checking if the data are comgact suppont
s=sum(h);b=h*h";
toll =1e-12;
while abs(1-a) > toll & abs(.5-b) > toll
disp(’ Your b coefficicats are NOT compactly supported!’)
h = input(’Re-eater the h coefficients or ctrl-z 1o stop’);
end
wwavlet="OTHER’;
elseif qqq==2,
qq=input(’How many taps (2-10)? );
h=daubdata(qq);
wwavelet =['Daubechies ', oum2str(qq), -tap'};
else  h=[.5.5);wwavelet="HAAR’;
end

h=8qri{2)*h; % The faclor of sqri(2) normalizes the energy

%
% Some definitions of variables used throughout the entire
% algorithm:

%

% wwavelet -- name of the selected wavelet

% LL -- the length of the input army

% Nh -- the number of h and thus g coefficienta

% lowest -- the number of resolution levels below the input

% plicnt  -- plot counter for storing desired plots

% h -- the "h*® coefficients

% g -- the "g" coefficients

% lowest -- the lowest resolution level

% phsvct -- the phase vector for recording the appropriate phase

% zro -- zero veclor 0 reord the appropriate zero padding
% for each resolution level.

B e aecneenemcacanenmeeemaeemeaaes  tmmemmmemecesanne

L U

% We will intialize some of the constants:

LL =length(c0).

Nh=length(h),

lowest = -ceil(log(LL)/log(2));

vi=0;

plent =0,

%--- e ameeeenioaeesasesesesesanneeneneannanan
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G --nmmmcmer amsesesaceocosessecmoseessonnrassennas
% Generating the g coefficients

g={flplr(b);

for i=2:2:Nh
8(1.h) = -g(1.i);

erd

<.

| SO ctceeammmmreesseanm—an
% The foliowing set of lines branches 0 the multiphase
% decomposilion algorithm if desired. Program ends after
% the multiphase execution
cle
q=input(’Do you desire the muliphase decomposition (Y/N)? *.'s’};
if q=="Y" | q=="y’
mp
returm
end
%

%
% The Decomposition Routine

% Determine if we want to ignore the diaplay for each resolution
% level’s coefficients.
pltl =input(’Bypass the display of the Cocfficients (Y/N)? *.'s");

cle

pha=2; % This just sets "phs° initially to be NOT equalto | or 0
phaver=[);

zr0={],

% e eemmemmnemameessseesemmmmseemneeeeeeannenas
% The following code scta the pumber of variables necessary
% 1o record the coefficients. ic. lowest=-2, we have

% c0.¢1.¢2,d1,d2

LlL=11;

for Ivi=-1:-1:lowest

while 1==
phs = input{’Enter the desired Phase [0/1] for this resolution level: °);
if ppa==1 |phs = =0,break.end

end

phsvct={phs phavct};

eval(['c’.num2str(abs(ivl)).’ = pha’ ,num2str(phs),"(c"....
num2str(abe(ivl)-1).".b);’})

eval(['d’ ,num2su(ebs(Iv.}),’ = phs’ ,num2str(phs).'(c"....
num2su(abs(ivl)-1).".8).'])

% This if statement runs the display of the coefficients if the flag
% pltl is set to NO

if pitl=="N" | plitl=="n", depcoef, end

pha=2

~ al(['LIL=max(LLL length(c’ .numZstr(-Ivl), )* 2 (-ivl)), "]}
zro={zro 2°(-Ivi)-1).
end

% We now do an energy check of the coeflicients




enrgld

% We now run the reconstruction option

reconld

%

%

% We now display the cocfficicnts in the ime-scale domain
plane

%

% END OF WAVID.M

%

% Phase Zero decomposition for the 1-D case

%

% By: LT J. E. Legaspi

% Profeasor Lam

% US Naval Postgraduate School, Monterey CA
% e-mail: legaspi@ece.nps.navy.mil

% lam@ece.npe.navy .mil

% Phone: (408) 646-3044/2772

%

% phs0.m is a function m-filc the does 8 phase 0 decomposition of
% of the data array using cither the b or g coefficients. The main
% program that calls this routine is "wavid.m®

%

% The input arg for this r

%

% data -- input data

% h -- the b or g coefficicats

% L -- the iength of the data vector

% H -- the length of the h or g coefficient vector
%

function x =phs((data.b)

L =length(data);
H =length(h);

% The following 4 lines check if the dsta array is even, for the
% phase O case, we must pad it with one zero if true
if rem(L/2.floor(L/2)) == 0
data =(dsta 0];
L=L+1;
end
data =[zeros(1,H-1)dats zeros(1.H-2));
L=L+2*H-3,
a=0,
for n=1.2-L-(H-1)
s=a+l;
x(1.a) =data(is:ii+ H-1)*h",
end
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Phase Onc decomposition for the I-D case

o
]

LT J. E. Legaapi
Profcssor Lam
US Naval Postgraduate School, Monterey CA
c-mail: legaspiGece. nps.pavy.mil
lam@ecce.nps. navy. mil
Phone: (408) 646-3044/2772

ARRARARARANR

% phsl.m is a function m-file the does a phase 1 decomposition of
% of the data array using cither the h or g coefficients. The main
% program that calls this routine is “wavld.m®

%

% The input arg for this

%

% data -~ input data

% h -- the h or g coefficients

% L -- the length of the data vector

% H -- the length of the h or g cocfficient vector
%

function x=phs1l(data,h)

L=length(dats);
H=length(h);

% The following four lines checks if the data vector is odd. if it
% true for the phase 1 case, we must pad it with one zero
if rem(L/2,floor(L/2)) ~= 0
data =[data 0];
L=L+1,
end

data=[zeros(1,H-2)data zeros(1,H-2)1;
L=L+2*H4;

a=0;

for i=1:2:1-(H-1)

a=a+l;

x(1,8) =data(1,ii:ii+H-1)*h";
end

%

% dspcoef.m  Display the coefficients

%

% By: LT 1. E. Legaspi

Professor Lam

US Naval Postgraduate School, Monterey CA

c-mail: legaspi@ece. nps.navy. mil
lam@ece.nps.navy.mil

Phone:  (408) 646-3044/2772

RRRANR

%...
% dspcoef.m displays the coefficients for each particular

% resolution level with the appropriate scaling factor. There is

% also a special routine embedded in this algonithm for the

% proper bar display of the HAAR casc. The main program is “wavid.m”
%

% The variables are defined as follows:

%
% z -- the number of zeros to be padded biwn coeffs
% v -- varisble from “w.m" for resolution level

74

L




% fsamp -- sampling frequency of the data
% wwavelet -- string for the selected wavelet
%

% For the HAAR case do the following:

if wwavelet(l) == "H’ { wwavelet(l) == ‘b’
n=2°¢-vl);
eval({'ctemp =2"(Ivi/2)*¢’ .num2str(-Ivl),";'])
eval(['dtemp =2°(v/2)*d’ .num2sts(-Iv1),";’])
ymax = max(max(ctemp), msx(dtemp));
if ymax < 0,ymax=0;end
ymin =min(min(ctemp) ,min(dtemp));
if ymin > 0,ymin =0;end

L=leagth(ctemp);
ifl==
axis{[0 (n*1.5-1)/fsamp 1 .2%ymin 1.2°ymax]);
subplot(211)
ploy([0 0 n*1.5-1 n*1.5-1)/faamp,[Octemp ctemp 0})
tile([’ Approximationat Resolution level ' num2str(lv])])

xlabel(’Haar wavelet’)
axis({0 (n*1.5-1)/fsamp 1.2*ymin 1.2%ymax]);
subplot(212)
plot(f0 0 n*1.5-1 n*1.5-1}/feamp, {Odtemp dtemp Of)
title([' Detail Phase-’ .num2str(phs)})
pausc
arplt

elee
x=[0:n:n*L-1)+.5%n;
x = x/fsamp;
axis({0 x(length(x)) 1.2*ymin 1.2%ymax]);
subplot(211),bar(x,ctemp)
tide([’ Approximation at Resolution level ', num2str(lvl)])
xlabel(’Haar Wavelet’)
axis({0 x(length(x)) 1.2*ymin 1.2°ymax});
subplot(212),bar(x.dtemp)
title([' Detail Phase-*,num2atr(phs)])
pause
strpit

end

% For NON-HAAR cases, do the following:
else
2=27(-IvD-1;
eval(['ctemp =2°(Ivl/2)*pzero(c’ .oum2str(-Iv1),",2). ')
eval(['dtemp =2°(Ivl/2)*przero(d’ .num2su(-Ivl).’ ,2);'])
ymax =max(max(ctemp), max(dtemp));
if ymax <0,ymax=0;end
ymin = min(min(ctemp), min(dtemp));
if ymin > 0,ymin=0;end

% We can display the data with & window size of the oniginal
% input, or show the spillover valuca
4 =["Enter the type of display:’

1 - Windowed Display
2 - Non-Windowed ‘1.

cle

disp(q)
dip(f” '))
q=input(’ ’);
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“'q:::
x =[0:length(ctemp)-1]+.5;
x=x/fsamp;
axis({0 x(length(x)) ymin ymax]);
subploi(211),bar(x,.ctemp)
title([' Approximation at Resolution level *,aum2str(Iv])})
xlabel({wwavelet,” Wavelet'])
axis([0 x(length(x)) ymin ymax]);
subplot(212),bar(x,dtemp)
ttle({"Detail Phase-*,num2str(phs)])
xlabel(]'Non-Windowed display -- max windowed value: °,...

num2str(length(x)-1))])

pause
strplt

else
x=[0:LL-1}+.5;
x = x/fsamp;
axis({0 x(length(x)) ymin ymax]);

bplot(211),bar(x,ctemp(1,1:LL))
title([' Approximation at Resolution level *,num2str(Ivl)])
xlabel([wwavelet,’ Wavelet'])
axis([0 x(length(x)) ymin ymax]);
bplo{212),bar(x,dtemp(1.1:L1))

title([* Detail Phase-* .num2str(phs)])
xlabel([ ' Windowed dispiay -- max windowed value: ‘.num2ste(LL-1)])
pause
strpht
end
end
% - (1242 L] L1

% enrgld.m Determining the Energy in each resolution level

% One Dimensional Case

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA
% e-mail: legaspi@ece.nps.navy.mil

% lam@Gece.nps.navy . mil

% Phone: (408) 646-3044/2772

% (TT YY) VORI ERTENNIIIISEENAEIENNGS IS

% For the singlc phase casc, the energy is normalized to resolution
% level 0. All the energies of the “c’s” and the *d’s” of &

% particular level should add up to the energy of the “c’s” of the
% next higher level.

carge -- encrgy array of the “¢'s”

eargd -- energy armay of the *d’s”

pnorm -- encrgy of the data *c0°

esumn -- energy sum array (enrgc+enrgd)

R RARRNR

% The calling routine is “wavid.m" .

% supit.m is a necessary m-file
B e eee e eameneatennnemmmmneeteesmmmnnneteseseesnnmneeeeoane

enrgc =zeros(],-lowest);
enrgd =zeros(1,-lowest);
2=0;
nerm=eum(c0 . "2);
for ii=lowest:1:-]
a=a+t+l;
eval([ enrgc(a) =sum{c’ ,num2au(-1),". "2);’))
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eval([’enrgd(a) =sum(d’ ,num2str(-ii).". “2);’}}
end

enrgc =earge/norm;

enrgc =[enrgc 1);

enrgd =enrgd/norm;

clg

axis([lowest-21 0 1.2));

subplot(211),bar{[loweat. 0}.[enrgc])

titie([' Normalized energy of the *c” coefficients Phasc: ',...
sctatr(flipir(phavct+48))])

xlabel(’ Resolution level®)

axis([lowest-2 1 0 1.2]);

subplot(212),bar([lowest:-1),[enrgd])

title('Normalized energy of the *d” coefficients’)

xlabel('Resolution level’)

pause

stpht

axis

% Energy check of the previous plot

esum =ecarge + [enrgd 0];
clc
dd=[" Verification of the cnergy ib each resolution level  °
‘Level  Energy in Energy in C Difference’
' level m-1 level m )
* c+d *
’ T
disp(dd)
)=-lowest;

for i=1:-lowest
a=esum(i);b=enrgc(1,i+1).c =1-j;d =abs(a-b);
fprintf(’ %2.0f %17.15f %17.15f '.c.ab)
fprintf(" %17.15Mn’ .d)
i=rh

x

% reconld.m One Dimensional Single Phase Reconsruction
%

% By: LT I. E. Legaspi

% Profeasor Lam

% US Naval Postgraduate School, Monterey CA

% c-mail: legaspi@ece.nps.navy. mil

% lamGece.nps.navy.mil

% Phone: (408) 646-3044/2772

%

%

% This routine conducts & reconstruction of the the data with the
% proper phase selected between resolution levels. This is a sub-
% routine for the main wavelet program “wavld.m”.

%

% The following variables are further defined:

%

% hbh&gg -- reconstruction cocflicients

% lowest -- defined in ‘wavlid.m®

%  cwork -~ reconstructed c¢'values at & panticular Ivi
%  phavet -- phase vector defined in “wavld.m”.
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%
% The following m-files are necessary for proper operation:

%

% wavld.m -- main program

%  rphsl.m -- reconstruction phase-1 function m-file
%  rphsO.m -- reconstruction phase-0 function m-file
%  suplt.m -- storage of the displays

%

cic;

disp(f’ 1)

q = inpul(’Do you desire to do the Reconstruction Comparison (Y/N)?','s’);
cle

lfq == 'Y"q::'y'.

%z ion of the uction coefFicients
hh=fliplr(h);gg = flipls(g);
i=1;

eval{['cwork =¢’,num2str(-lowest),";’])
for ivi=lowest:1:-1
eval([’dwork =d’,num2str(-Ivl),";’])
eval([*cwork = rphs’ ,num?2str(phsvcy(ii)), "(cwork  dwork.hh.gg);'])
cval(['a=length{c’ ,num2str(-Ivl-1),");’H
cwork =cwork(1:ue);
u=i+l;

phswrk =phsvci(1:length(phsvct)- 1);

% Comparison of the Original and the Reconstructed data

clg

subplot(211)
eval({'bar(c’,pum2str(-1vl-1),")'))
tile(['Original Data  Phase: *,sctstr((phswrk +48))])
xlabel([ 'Wavelet: ', wwavelet])

subploy(212)
bar{cwork);
title("Reconstructed Data’)

xlabel({’ Resolution level *,.num2str(ivi+1)])

pause

strpht

clg

e=eval([’¢c’ .aum2str(-lvi-1),’-cwork’));

bar(abs(a));

title(’ Absolute Ervor in the Reconstruction')

xlabel([*Resolution Level *,num2str(lvi+1)])

pause

strplt

clg

phswrk =phswrk(1:length(phawrk)-1);

end
end

function out = rphe0(cwork . dwork,bh.gg)

G EIIOLIEEEPIICICOEIPNINEEPIICITIIITIEITIIEIIISERSINIIIIEICIININNS

% rphs0.m  Reconstruction Phase Zero routine

%
% By: LT I E. Leguapi
% Jrofessor Lam

% US Naval Postgraduate School, Monterey CA
% e-mail: legaspi@ece.nps.nsvy . mil

% lam@ece.nps.navy mil

% Phone:  (408) 646-3044/2772

%

SEOISRNEECEETONPREITRELENIENIDEOSESINSINNEEEIOOINEIESIIESRITIEREES
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%

% This routine does a reconstruction of a particular level with a
% phase 0 sclection. The calling program is "wavld.m”. Input
% arguments are:

%

% cwork -- "c” coefficients of a particular level
% dwork -- °d” coefficieats of a particular level
% bhh  -- reconstruction cocfl"s for the “c’s”

% g8 -- reconstruciton coefT's for the *d’s”

%

% “out® is the output argumemt that equals the ¢ cocff"s of the
% next higher resolution level.

@

L=length(cwork),

x1=[];

x2=[];

for j=1.L

x1={x1 cwork(1.,j) 0);
x2={x2 dwork(1.j) 0};
end
x1={x1 zeros(1,length(hh)-2)};
x2=[x2 zeros(1,lengih(gg)-2)};
a=0;
for j=1:length(x1)-(length(hh)-1)
a=a+l;
out(1,8)=x1(1.j:j+ length(hh)-1)*hh’ +x2(1 j:j + length(gg)- 1)*gg":
end

function out=rphsl(cwork.dwork,hh,gg)

* (1] » »
% rphsl.m  Reconstruction Phase One routine

%

% By: LT 1. E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA

% e-mail: legaspi@ece.nps.navy.mil

% lam@ece.nps.navy.mil

% Phone: (408) 646-3044/2772

” L) SUVBER IS SRS IDIRANOERN
%

% This routine does & reconatruction of a particular level with a
% phase 1 sclection. The calling program is "wavld.m”. Input
% arguments are:

cwork -- “c* coefficients of a particular level
dwork -- "d® coefficients of & particular level
hh .- reconstruction coeff"s for the “¢'s*
g8  -- reconstruciton coeff™s for the *d’s”

out” is the output argumemt that equals the ¢ coeff’s of the
next higher resolution level.

RRARRRRAR

L =length(cwork);
x1={};
x2=[];
forj=1:L
x1=[x1 cwork(1,j) 0];
x2 =[x2 dwork(1,j) 0},
end
x1=[0 x1 zeros(1, length(hh)-2)];
x2=[0 x2 zeroe(1 length(gg)-2)};

9




a=0;
for j=1:length(x1)-(length(hh)-1)

a=a+l;

out(1,8)=x1(1,j:j+length(hh)-1)*hh’ +x2(1,j:j+lengthigg)-1)*gg":
ed

g essssssese G900 SEIUSIINILESSTLINEINIEES

% plane.m develop the phase plane disgram

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA
% c-mail: legaspi@ece.nps.navy.mil

% lam@ece.nps.navy.mil

% Phone: (408) 646-3044/2772

G essesssossssess L] BESIEIAGILEEBISRIIE SN NANOEISERS

% Phase Planc Diagram for the One Dimensional Singie Phasc case
% This routine is called by the parent routine "wavid.m". All the
% variables defined in "wavid.m® are used here. New variables:

¢ - {l-lowest) X LL “¢" coefficient matrix
d --(-lowest) X LL "d" coefficieat matrix
N,N1 -- variables for the number of contour levels

RRNARRRN

The main subroutine used is ptzero.m funtion m-file

cle
clg

% Set up the ¢ and d matrices from the *c®" and "d*" variables

c=zeros(-lowest+1,LL);
d=zeros(-lowest,1L1);
c(1.1:length(c0)) =¢0;
clear cwork dwork
for lvi=1:-lowest
ework = eval({'pzero(c’ ,num2str(lvl),” ,zro(IvD))']);
dwork =eval(['pzero{d’ ,num2str(ivl)," , zro({lvh))’]);
c(lvi+1,1:length(cwork)) =cwork;
d(ivl, 1:length(dwork)) =dwork;
end
c= flipud(c.*2);
d=flipud(d."2);
[i j] =sizefc);
x=0:j-1,yc=0:i-1;yd=1:i-1;
mesh(c);
title(('Energy Display of the Approximation Phase: °....
seustr(flipir(phsvct +48))));
pause
N=10;
contour(c,10,x,y¢c);
title(["Contour Display of the Approximstion Phase: *....
setstr(fliplr(phavct +48))));
ylabel(’-n resolution level’),
xlabel(' 10 contour levels')
pause
clg
ql =input(' Do you desire to zoom in on the display (Y/N)?".'s’);
while ql=='Y" | ql == 'y",
q2=input(’ Do you want 1o sec the plots again (Y/N)?' 's'};
fq=="Y'| @2 =="y".
mesh(c);title( Previous Energy Display of the Approximation’);
pause
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contour(c,N,x,yc);title{" PreviousContour Display of the Approximation’);
ylabel("-n resolution level’);
xlabel([’ Number of countours: *,num2str(N)])
pause
end
ck
displ" '}
disp(['x range: 0 10 *,num2str(j-1)))
disp(('y range: 0 10 -’ .oum2ste(i-1)]);disp({ ')
x1 =inpuy('Enter the minimum x-value:)+1;
x2 =input(’Enter the maxumum x-value:")+1;
y1 =input(’Enter the minimum *magnitude® y-value (least negative):")+1;
y2 = inpul("Enter the maxumum “magnitude® y-value (most negative):')+1;
y1=abe(yl);y2=abe(y2).
y=1:L:i4y =fliplr(y);
yll1=y(y2);
y22=y(yl);
clg
mesh(c(yl1:y22,x1:x2))
title([’Zoomed Energy Display of the Approximation Phase: ’,...
setstr(fliplr(phsvct +48))]);
pause
strplt
clg

N1=10;
while N1 <999
N=NI;
contour(c(y11:y22,x1:x2),N1,x1:x2,y1-1:y2-1)
title([' Zoomed Contour Display of the Approximation Phase: °,...
setstr(fliplr(phavct+48))]);
ylabel(’-n resolution level’)
xlabel([ Number of contours: *,num2str(N1)])
pause
strplt
N1 =input(’Enter the number of contour levels (999 to continue) °);
end
gl =input(’Zoomin or out Further (Y/N)? "."s’);
end
cic

% Now the Dewil Signal

mesh(d);

title({"Energy Display of the Detail  Phase: " setatr{fliplr(phavct+48))]);
pause

clg

contour(d, 10,x,yd);

title{["Contour Display of the Detail Phase:’ setstr{fliplr(phsvct +48))));
ylabel(’-p resolution level’);

xlabel(’ 10 contour levels’)

pause

clg

cle
q1 =inpul(’ Do you desire 10 zoom in on the display (Y/N)?'.’s’);
while ql=='Y' | ql =="y’,
g2 =input(’Do you want to sce the plots again (Y/N)?".’s’);
fqQ=="Y"|q2 =="y",
mesh(d);tite{’ Previous Energy Display of the Detail’);
paure
contour(d. N, x,yd):title{' PreviousContour Display of the Detail');
ylabel(’-n resolution level’);
xlabeK{'Number of contours: ' .num2str(N)])
pause
end
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disp(['x range: 0 to ’,num?2str(j-1)])
disp{[’y range: -1 to -*,num2str(i-1)]);disp{[ ]")
x1 =input(’Enter the minimum x-value:")+1;
x2 = input("Enter the maxumum x-value:")+1;
y1 =input(’Enter the minimum “magnitude” y-value (least negative):’);
ifyl == 0, yl=1, end;
y2 =inpul(’Enter the maxumum “"magnitude” y-value (most negative):*);
y1=abs(yl);y2=abe(y2);
y=1:1:i-1Ly =fliplr(y);
yll=y(y2);
y22=y(yl);
clg
meah(d(y11:y22.x1:x2))
tile([ Zoomed Encrgy Display of the Detail Phase: °....
sctstr(flipir(phavct+48))]);
pause
suplt
clg
while N <999
contour(d(y11:y22,x1:x2) N,x1:x2,yl:y2)
title([’Zoomed Contour Display of the Detail Phase: °,...
sctstr(fliplr(phavct +48))]);
ylabel(’-n resolution level’)
xlabel(['Number of contours: '.num2str(N)])
pause
stplt
N = input(’Enter the number of contour levels (999 w end): '),
end
ql =inpui(’Zoom in or out further (Y/N)? '.’s’);

end

%

% M- ltiphase routine for The Discrete Wavelet Decomposition Routine
%

% By: LT I. E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA

% c-mail: legaspiG@ece.nps.navy. mil

% lam@ece.nps.navy.mil

% Phone: (408) 646-3044/2772

%

%

% This routine does a multiphase discrete wavelet decomposition of
% a one-dimensional data vector. This routine requires the following
% M-filea:

% wavld.m

% strplt.m

% 20pad.m

%

maxSamp =(Nh-1)*(2"(-lowest)-1)+ L1
coeffc =zeros(-lowest + 1, maxSamp);
coeffc(-lowest+1,1:11)=c0;
coeffd =zeros(-lowest, maxSamp);
pumcoef =zeros(-lowest+1,1);
G e eeemcteemaccameseeuesemameuaseeesesecmmsmsemveresanonnnns
%-- aa-
% *** The Main Multi-Phasc Decomposition Algorithm ***
numcoef(-loweat+ 1) =11,
=1,
for row =-lowest:-1-1

numcoef(row) =(Nh-1)*(2°i-1)+LL;

pl =20pad(coeffc(row + 1,1:numcoef(row + 1)).h.i);
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coeffc(row,1:length(pl)) =pl;

p= =z0pad(cocffc(row +1.1:numcocf(row + 1)) g.i);
coeffd(row, 1:length(p2)) =p2;

clear pl p2

i=i+l;

f )
*:ﬁﬁ_

Display of Coefficients a1 cach resolution level

o
&

=input(*Do you desire 10 sec values st diff resolution levels (Y/N)? *.¢’);
=="Y"| q=="y
ploy([0:L1-1].¢0,"*")
xlabel({'n sampling points n*' .num2str(1/fsamp),  seconds’]);
ylabel(' Amplitude’)
title("Original Data (resolution level ) Multiphase case’);
pause
strplt
olg
index =[-lowest:-1:1};
x1=0;x2=-lowest+1;
cke
disp([’ Levels to pick are from -1 to °,num2str(lowest)})
while x1 <1 | x2>-lowest
x1 =input(’Enter first resolution level of the desired range: °);
x2 =input(’Enter second resolution level of the desired range: °);
x1=abe(x1);x2 =abs(x2);
if x1>x2, temp =x2; x2=x1; x1 =temp; end
end
while x1 < =x2
pls =pumcoef(index(x1));
Te=coeffc(index(x1).1:pts);
Td =coeffd(index(x1).1:pts);
minpts = min{min(Tc), min(Td)); fminpts > 0, minpts = 0;end
maxpts = max(max(Tc), max(Td)); ifmaxpts < 0, maxpts =0;end
if minpts = =0 & maxpts = =0, maxpts =.5;end
u={0 pts 1.2*minpts 1.2°maxpts];

0
5

axis(u);

subplot(211) ,plo({0: pts- 1], coeffc(index(x1).1:pts)."*")

tile({' Multiphase Approximation Coeff at Resolution Level -*.num2str(x1)])
axis(u);

subplot(212),plot([0: pts-1),coeffd(index(x1),1:pts)."*")
title(' Multiphase Detail Coefficicnts’)
xlabel(['n sampling points p*’,pum2sts(1/fsamp), ' seconds’]);
pause
strpht
clg;cic
axis;
xl=x1+1;
end
end
%
% Multi- Phase Energy Check
enrgldmp
%-
% Phase Planc Determination
c=coeffc.”2;
d=coeffd."2;
(i j] =size(coefic);
x=0:1L1-1;
ye=0:i-1;
yd=1:i-1;
ce=c(l:-lowest+1,1:LL);
cle
mesh(cc);
title('Multiphase Energy Display of the Approximation')
. pause
strplt
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cig

N=10;

contour(cc,10,x,yc);

ttle(’ Multiphase Contour Display of the Approximation’),
ylubel(’-n resolution level’);

xlabel(’ 10 contour levels”)

pause

strplt

clg

ql =input(’Do you desire to zoom in/out on the display (Y/N)?"."s");
while ql=="Y" | ql =="y",

q2 =inpuy(’Do you want to sce the plots again (Y/N)?'.'s’);
ifq2=="Y"{q2 == "y",
mesh(cc)
title(' Previous Muluphase Energy Display of the Approximation’);
pausc
contour(cc,N,x,yc)
title(* Previous Multiphase Contour Display of the Approximation’);
ylabel(’-n resolution level’);
xlabel(['Number of contours: ' ,num2su(N)}])
pause
end
cle
disp([" ')
disp({'x range: 0 10 *,num2ste(j-1)])
disp(['y range: 0 10 -* .oum2ats(i-D])idisp([* '}
x1 = input(’ Enter the minimum x-value:')+1;
x2=inpul(’ Enter the maxumum x-value: ') +1;
y1 =input(’Enter the minimum “magnitude” y-value (least negative):')+1;
y2 =input{'Enter the maxumum *magnitude” y-value (most negative):")+1;
yl=abs(yl);y2=nbs(y2);
y=1:1:14y =flipir(y),
yil=y(y2);
y22=y(yl);
clg
ce=c(yll:y22,x1:x2);
mesh(cc)
title(' Zoomed Multiphase Energy Display of the Approximation’);
pausc
strpht
clg
N=10;
N1=10;
while N1 <999
N=NI;
contour{cc,N1,x1:x2,y1-1:y2-1)
utle('Zoomed Multiphase Contour Display of the Approximation’);
ylabel('-n resolution level’)
xiabel({' Number of contours: *,num2str(N1)})
pause
suplt
N1 =input(’Enter the number of contour levels ( <RET > 10 continue) °);
end
ql =input(’Zoom in or out Further (Y/N)? '."s’),
end

cle

% Now the Detail Signal
dd=d(1:-lowest,1:L1);

mesh(dd)

title(’ Multiphase Energy Display of the Detail’)
pause

strplt

clg

contour(dd,10,x,yd)
title(’ Muluphase Contour Display of the Detail'y,
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ylabel(*-n resolution level’);
xlabel(*10 contour levels’)
pause

strplt

clg

ck
ql =input(’Do you desire to zoom in/out on the displsy (Y/N)?',’s’);
while gl =="Y" | ql == "y’,
q2 =input{’Do you want to aee the plots again (Y/N)?'.’s’);
ifq2=="Y"| Q2 =="y’,
mesh(dd);title(’ Previous Multiphase Energy Display of the Detail’);
peusc
contour(dd, N, x,yd);tide(‘ PreviousMultiphase Contour Display of the Detail');
ylabel(’-n resolution level’);
xlabel([ Number of contours: ’,num2str(N)])
pause
end
disp({'x renge: 0 o *,aum2sir(j- 1))
disp(['y range: -1 1o -*,num2str(i-1))):disp([  1")
x1 =inpu.’Enter the minimum x-value:")+1;
x2 = input(’ Enter the maxumum x-value:')+1;
y1=input(’Enter the minimum *magnitude” y-valuc (least negative):’);
ifyl == 0, yl=1; end;
y2=input('Enter the maxumum “magnitude” y-value (most negative):’);
yl=abs(yl);y2 =abe(y2);
y=1:1i-Ly =flipin(y);
yll=y(y2),
y22=y(yl):
clg
dd=d(yl11:y22,x1:x2),
resh(dd)
title(’Zoomex: Multiphase Energy Display of the Detail’);
pause
strplt
clg
while N <999
contour(dd N, x1:x2,yl:y2)
tile(' Zoomed Muitiphase Contour Display of the Detail’);
ylabel(*-n resolution level’)
xlabel({'Number of contours: '.aumZstr(N)])
pause
strplt
N =input('Enter the number of contour levels (< RET> w end): ');
cod
ql =input(’Zoom in or out further (Y/N)? ','s’);
end

%...
% Multiple Phase Reconstruction

mprecon
B e eeeacmnaeomneaemann e eaneeammneeeemaseennann
% The End
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% . [T [ LLIY]

% cargldmp.m  Detenmining the Energy in each resolution level
Multi- Phase One Dimensional Case

%

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgradusie School, Monterey CA
% e-mail: legaspi@ecce.nps.navy. mil
% lam@ece.nps.navy.mil

% Phone: (408} 646-3044/2772

sssvese cone

goeseen

% For the Multi-phase casc, the encrgy is normalized to resolution
% level 0. All the caergics of the *c’s” and the "d's” of &

% particular level shoukd add up to the energy of \he "¢'s” of the

% next higher level. The factor of two is accounted for in the Mult-
% Phasc casc

eargc -- energy array of the "c's®

eargd -- energy array of the "d's’

norm -- energy of the data “c0°

esum -- energy sum array (enrgc+enrgd)

RARERR

% The calling routine is *mp.m" .
% wavld.m and suplt.m arc also necessary m-files
[ 4

enrgc =zeros(l,-lowest);
enrgd =zeros(1,-lowest);
s=0;
norm =sum(c .*2);
for row =-lowest:-1:1
a=a+l;
cargc(row) =sum(coeffc(row,:).“2)*2"(-a);
enrgd(row) =sum(coeffd(row,:). “2)*2"(-a);
end
eargc =ensrgc/norm;
enrgc={enrgc 1];
enrgd = cargd/norm;
clg
axis{{lowest-2 1 0 1.2));
subploy(211), bar([lowest: 0].[cargc])
title({’Normalized energy of the "c” coefficients Multi-Phase Case’])
xlabel(’Resolution level’)
axis([lowest-2 1 0 1.2));
subplot(212),bar([lowest:-1],[enrgd])
titie(’Normalized energy of the *d” coefficients’)
xlabel(’Resolution level’)
pause
stpht
axis

% Energy check of the previous plot

esum =enrgc +[enrgd O},
ck
dd=[" Verificstion of the energy in each resoluuon level  *
‘Level  Energy in Energy in C Difference’
* level m-1 level m !
c+d
e L COR ISTREERRPERTESVSTRIR SO S 'l
disp(dd)
j=-lowest,

for i=]1:-lowest
s=caum(i);b=eargc(l,i+1);c=1-j;d =abs(a-b);
fprintf(C %2.0f %17.15f %17.15f ‘.c.ab)
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fprintf(’ %17.15f\n" d)
i=FL

end

pause

ck

clg

axis;

% {114 GPEBPSUOIVONIIRGETESIEISEEIIS

% mpplanc.m develop the phase plane diagram

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA

% e-mail: legaspi@ece.nps.navy.mil

% lam@ece.nps.navy.mil

% Phone: (408) 646-3044/2772

% . e

% Phasc Plane Diagram for the One Dimensional Single Phase case
% This routine is called by the parent routine *wavid.m®. All the
% variables defined in "wavid.m® are used here. New variables:

%

% ¢ - (1-lowest) X LL °c" coefficient matrix

% d - (-lowest) X LL "d° coefficient matrix

%  N,N1 -- varisbles for the number of contour levels

%

% The main subroutine used is ptzero.m funtion m-file

[ 4
»

cle
clg

% Sect up the ¢ and d matrices from the "c®” and "d®" variables

c=zeros(-lowest+1,1L1);

d=2zecros(-lowest,LL);

o(1.1:length(c0)) =c0;

clear cwork dwork

for lvl=1:-lowest
cwork = eval(['ptzero(rmpc’ . sum2sti(ivl),’,2°(Iv])-1)°));
dwork =eval(["pzero(rmpd’ ,oum2sts(ivi),’.2°(iv)- 1)']);
c(ivi+1,1:length{cwork)) =cwork;
d(iv},1:length{dwork)) =dwork;

end

c=flipud(c.*2);

d=flipud(d."2),

[i jl=size(c);
x=0:j-1,yc=0:i-1;yd =1:i-1;
mesh(c);
title(["*MP* Encrgy Display of the Approximation Phase: ’,...
setstr(flipir(phavct +48))]):
pause
N=10;
contour(c,10,x,yc);
title({" *MP* Contour Display of the Approximation Phase: °,. ..
setstr(fliplr(phsvet +48))]):
ylabel(’-n resolution level’);
xlabel(" 10 contour levels')
peuse
clg
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ql =inpui('Do you desire 10 200m in on the display (Y/N)?".’s’);
while q1=="Y' | q1 == "y,
q2=input{'Do you want to sec the plots again (Y/N)?',’s");
if 2=="Y"| q2 =="y",
mesh(c);
title("*MP* Previous Encrgy Display of the Approximation®);
pause
contour(c, N, x,yc);
title('*MP* Previous Contour Display of the Approximation’);
yiabel(’-n resolution fevel’);
xlabel(['Number of countours: ' ,num2str(N)])
pause
end
cle
disp((" )"
disp({'x range: 0 to ’,num2sts(j-1)])
disp([’y range: 0 o -’ num2ste(i-1)]):disp({ 17}
x1 =input('Enter the minimum x-value:')+1;
x2 = input('Enter the maxumum x-value:')+1;

y1 =input(’Enter the mininum “magnitude® y-value (least negative):")+1;
y2 =input(’ Enter the maxumum “magnitude® y-valuc (most negative):")+1;

y1=abs(yl);y2 =abe(y2);
y=1:1:i;y =fliplr(y).
yli=y(y2);

y22=y(yl);

clg
mesh(c(yl1:y22,x1:x2))

title(["*MP* Zoomed Energy Display of the Approximation Phase: °,.

setstr(fliplr(phavct+48))]);
pause
stplt
clg

NI=10;

while N1 <999
N=NI;
contour(c(y)1:y22,x1:x2).N1,x1:x2.y1-1:y2-1)

ttle(["*MP* Zoomed Contour Display of the Approximation Phase: °,...

setstr(fliplr(phsvct +48))]);
ylabel(’-n resolution level’)
xlabel(['Number of contours: *,num2atr(N1)])
pausc
suplt
N1 =inpu('Enter the number of contour levels (999 to continue) ');
end
ql =input{’Zoom in or out Further (Y/N)? ','s’);
end
cle

% Now the Detail Signal

mesh(d),;

title(["*MP* Energy Display of the Detail  Phase: °....
setstr(fliplr(phsvet+48))]);

pause

cig

contour(d,10,x,yd);

utle(["*MP* Contour Display of the Detail Phase:’,...
seutr(fliplr(phsvct +48))]);

ylabel(’-n resolution level’);

xlabel(’ 10 contour levels’)

pause

clg

cle
q1 = input{' Do you desire 1o zoom in on the display (Y/N)?'.’s');
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while ql=='Y’ | ql == 'y,
q2=input(' Do you want 0 sce the plots again (Y/N)?'.’s");
fq2=='Y'| q2 =="y',
meah(d);title("Previous Energy Display of the Detail’);
pause
contour(d, N, x,yd);title(’ PreviousContour Display of the Detail');
ylabel(’-n resolution level’);
xlabel(['Number of contours: *,num2str(N)])
pausc
end
disp(['x range: 0 1o *,num2sur(j-1)})
disp(['y range: -1 to -’ ,num2ste(i-1)]);disp(I 1)
x1 =input('Enter the minimum x-value:')+1;
x2 =input(’Enter the maxumum x-value:')+1;
y1=input(’Enter the minimum "maguitude” y-value (lcast negative):’);
ifyl ==0,yl=1; end;
y2=input(’Enter the maxumum “magnitude” y-value (most negative):’);
y1=abs(y1);y2=abs(y2);
y=11:i-1;y = fliple(y);
yll=y(y2);
y22=y(yl),
clg
mesh(d(y11:y22,x1:x2))
title(["*MP* Zoomed Energy Display of the Detail Phase: °,...
setstr(fliplr(phavct+48))]);
pause
arph
cig
while N <999
contour(d(y11:y22,x1:x2),N,x1:x2,y1:y2)
title([' *MP* Zoomed Contour Display of the Detail Phase: °,...
seutr(fliplr(phsvct+48)));
ylabel(’-n resolution level’)
xlabe({'Number of contours: *,num2str(N)})
pause
suplt
N =input(’Enter the number of contour Jevels (999 to end): *);
end
ql =input(*Zoom in or out further (Y/N)? °,'s");
end

function x =z0pad(Data,h. resivl)

%

% z0pad.m  *** For the Multi-phase decomposition routine ***
% One Dimenyional Case

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgraduate School. Monterey CA

% cmail: legaspi@ece.nps.navy. mil

% lam@ece.nps.navy. mil

% Phone:  (408) 646-3044/2772

%-- LAl LT Y]] (L1 1) e
%

% This routine makes 8 row vector of the lower coefficients of
% a particular resolution level. Use for only the Multi-phase
% decomposition One-Dimensional case '!

Data is the dets vector
b is cither the h coeff or the g coeff vector
resivl is the resolution level

RARR N
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m=resivl;

L=length(h);

i=L

x=0;

fori=1:L
x=x+h(j)*[zeros(1,(i-1)*2*(m-1))Data zeros(1.(j-1)*2(m-1))];
1=rh

end

function binary =num2bin(number,lengthl)
%

% NUM2BIN.M Number to Binary conversion

%

% By: LT 1. E. Legaspi

Professor Lam

US Naval Postgraduate School, Montercy CA

e-mail: legaspi@cce.nps.navy.mil
lam@ece.nps.navy.mil

Phone: (408) 646-3044/2772

RRARRRNR

% This i d a conversion of & base 10 integer to a base 2
% dataermay ie. {101011)

R»

% The following variables are further defined:

binary  -- binary output data armay
lengthl -- input desired length of the display
number  -- base 10 integer

The followmng m-files are neceasary for proper operation:
wavid.m -- main program (great grandparent routine)

mp.m -- grandpsrent routine
mprecon.m -- multiphase reconstuction calling routine

RRARARARRRR

binary ={J;
while number > .5
number =number/2;
if number-fix(number) = =5
number =pumber-.5;
binary =[1 binary);
else
binary =(0 binary];
end
end

if length(binary) < lengthl

binary ={zeros(1,abs(length1-length(binary))binary];
end
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function num =bin2num(bin)

<

% BIN2NUM.M Binary 10 number conversion

%

% By: LT I E. Legaspi

Professor Lam

US Naval Posigraduate School, Monterey CA

e-mail: legaspi@ece.npe.navy. mil
lam@ece.nps.navy.mil

Phone:  (408) 646-3044/2772

RRRRARNR

% This routine conducts a conversion of & basc 2 data array
% i.c. [10101 1] toabase 10 integer

®n

% The following variables are further defined:

%

% bin -- binary output data armay

% num -- base 10 intcger

%

% The following m-files are necessary for proper operation:

%
% wavld.m -- main program (great grandparent routine)
% mp.m -- grandparent routine
%  mprecon.m -- multiphase reconstuction calling routine
L4
oum=0;
a=length(bin);
power=a;
forii=1l:s
num = pum+ bin(ii)* 2" (power-ii);
end
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B. TWO-DIMENSIONAL ROUTINES

gooee conee

% WAV2D.M 15 SEP 92

%  Wavelet decomposition algorithm for the two-dimensional case
%  for cither the single sclcctable (of 4 possible) or the

%  multiple phase case.

coesse

%

% By: LT J. E. Legmapi

% Professor Lam

% US Naval Postgraduate School, Monterey CA

% c-mail: legaspi@ece.npe.navy.mil

% lam@ecce.nps.navy.mil

% Phone: (408) 646-3044/2772

%“‘ (1 2] PREBERSERISIIEN ey
% This routine docs a two-di ional dicrete wavelct decomposition

% of a two-dimenaional data array. The following routines are also
% necessary for the proper operation of the algorithm:

chkputer.m -- checks for the minimum hardware
mp2d.m  -- 2-D multiple phase decompasition
pzrozd.m -- 2-D row & col zero padding

suplt.m - metafiles of selected plots

hcoefin -~ routine for sclected h coefficients

phas 7?7 .m -- routines for phase 00,01,10,11deccomp
earg2d.m  -- energy check for the 2-D case
recon2d.m .- 2-D reconstruction

Variables:
plient - plot counter for hard copy displays
lmagests - string variable of the input data
0 - resolution level 0 data input
clwocN - corresponds to the ¢ coeff level -1 1o -N

di1l1todIN - corresponds to the d1 coeff's

d21 10 d2N - corresponds o the d2 cocff"s

d31 1w d3N - corresponds to the d3 coeff's

Hh,Hv,Gh.Gv- b and g cocff’s in the horiz & vert directions
HhHv HbhGv,

GhHv,GhGv - 2-D decomposition masks

lowest - lowest resolution level (a neg number)

phsvet? - phase vector for either the h or v direction

RRRARRARNRRARRARARARARARRRRARR

n

% initialization of the counters and plots

clg
axis('normal’);
bold off;

pltem =0;
chkputer

clc

[ 4

1.2

%
% 2-D data input routine

Imagestr = input('Enter the name of the image data: °,’s’);
cO=eval(Imagestr);
[i1 jl}=size(c0);
if ji<c=1}il<=1
disp(’Bad Input Data, Restant the Program’)
return
end
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clc
«®

o

@

% 2-D wavelet cocfficient input routine
heoefin

clg
%

% Branch for the 2-D multiphase case

dip(i’ 1)
q=input('Do you desire the 2-D multiphase decomposition only? °,’s’);
ifq=="y’ | q=="Y"

mp2d
return
end
%
%
% Initislization for the d position
%  of the single sclectable phase

% initializing Cout for the decomposition routine. Cout along
% with Dlout, D2out and D3out are intermediate working

% varisbles for the determining the coefficients for a

% particular resolution level and phase. *phas??.m" are

% one of for possible phase decomposition routines for the
% two dimensional casc.

Cout=c0;

subploy(211),roeah(c0), tile('3-DPlot of the Data Armay')
subplot(212),contour(c0) title(' ContouDisplay of the Data Array’)
pause

suplht

clg

clc

disg(’ 1)

q=["Enter the number of resolution levels desired’
*for decomposition of the image: R

disp(q)

lowest=input(*: > °);

cke

lowest = -abs(loweast);

pheveth=[};
phavetv=[];

% The actual decomposition for the single
% sclectable phase case

for lvl=-1:-1:lowest

clc
q=["Enter the desired phase decomposition: °

'A) Horizontal Phase 0, Vertical Phase 0
'B) Horizontal Phase 0, Vertical Phase 1°
'C) Horizontal Phase 1, Vertical Phase 0’
‘D) Horizontal Phase 1, Vestical Phase 1’
! §B

disp(["  ']"

disp(q)

phase =inpu(*: *.'s’);

if phase=="A’| phase= ="y’
phavcth = [0 phevcth];
phsvcty =[0 phavctv];
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phas00

clacif phase= =B’ | phase = ='b’
phaveth =[0 phavcth];
phsvety ={1 phavctv];
phasO1

elacif phase = ='C’ | phase=="¢’
phsvcth =[1 phsvcth);
phsvcty =[0 phavctv];
phasi0

ciseif phase=='D’| phase=="d’
phavcth=[1 phsvcth];
phavctv =[1 phavctv];
phast1

clae
disp("Error’)
return

end

cod

% clean up for better memory utilization
% This is primarily for 386 MATLAB
clear wrkspc Dlout D2out D3out Cout wrk a b g qq qqq g1

pack
%

4

%

% Energy check for the 2-D single selectable phase case
enrg2d

% clean up for better memory utilization

% This is primarily for 386 MATLAB
clearEkIviabej

pack

%

% Display of the phase sequence in reverse bit order as per the notes
cle

disp(i* ']

disp(’Order of the Selected Phases from the highest o the lowest levei’)
disp(’ ")

disp('Horizontal: Reading left to right corresponds to going from the')
disp("  higher resolution to the lower resolution level )

disp([" ')

disp{flipir(phsvcth))

disp(’ ']

disp('Vertical: Reading left to right corresponds to going from the')
disp(" higherer lution to lower resolution level )

disp(I" ')

disp(fliplr(phsvctv))

disp({”  '])

disp(' <RET > 1o continue’)

pruse

cic
%---
%
% Conduct the mposition routine
recon2d

%<

clc
disp({" ']
disp(’ ROUTINE COMPLETE")

%  The End of WAV2D.M
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’ SROPPTLLCICEREILNIBOEEISRIOGN

% HCOEFIN.m  2-D wavelet coefficient input

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgraduste School, Montercy CA

% c-mail: legaspi@ece.nps.navy.mil

% lam@ece.nps.navy . mil

% Phonc: (408) 646-3044/2772

’ BOSPEIRSIVELIOUNONNNIOSIPISEROEENS

% This & biains the desired wavelet h coeflficients for both
% the horizontal and vertical direcions. The wavelets are assumed
% scparable.
%

Hh,Hv.Gb,Gv- h and g coefl"s in the horiz & vert directions
HhHv HhGv,

GhHv,GhGv - 2-D decomposition masks

wavelet? - string variable in the b or v directions

R R RRRARRD2

% Obtining the horizontal b cocfficients
dig(" 1)
q1 =['Enter the number for the desired choice
*for the wavelet in the HORIZONTAL direction:*

*(1) Haar h coefficients '
*(2) Daubechies h coefficients :
*(3) Own set of h coefficients *
' By
disp(ql)
qqq=inpui(’' °);
if qqq= =3,
Hh =inpul('Enter your own set of H coefficients’);
s=sum(Hh);b=Hh*Hh";
whilcsa~=1& b~=.5
disp(’ Your h coefficients are NOT compactly supported!*)
Hh = input(’Re-enter the h coefTicients or ctrl-C to stop’);
end
waveleth=['Own’}];
elscif qqq==2,
qq=input('How many taps (2-10)? °);
Hh=daubdata(qq);
waveleth =['Daubechies * ,num2str(qq). "-1ap’};
else Hbh=[.5.5];
waveleth =["Haar'};
qqq=1;

cle
%
% Now for the verucal case
disp({" 1"
q=input(’ Do you desire the same wavelet in the vertical direction?’,’s’);
fq=="Y' | q=="y’
Hv=Hh,
waveletv =waveleth;
elae
dsp" )
ql =[Enter the number for the desired choice
‘for the wavelet in the VERTICAL direction: '

' B

'(1) Haar h coefficients
*(2) Daubechies b coefficienta
*(3) Own set of h coefficients

disp(ql)
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qqq=inpu(’ ');
if qqq==3.
Hv = input{’Enter your own set of H cocfficients’);
a=sum(Hh);b=Hh*Hh’;
whilesa~=1&b~=5
disp(’ Your h coefficients are NOT compactly supported!’)
Hh =input(‘Re-enter the h coefficients or curl-C to stop’);
end
waveletv =['Own’];
elseif qqq==2,
qq=input('How many taps (2-10)? °);
Hv =dsubdata(qq);
waveletv =["Daubechies *,num2str(yq).'-tap’];
else Hv=(.5.5);
waveletv =['Haar');

q=1;

end
cle
end
%
%
% Genersting the g coefficients
Gh=fliplr(Hh).

for i=2:2:length(Hh)
Gh(1.1) =-Gh(1,i);

end

Gv =fliplr(Hv);

for i=2:2:length(Hv)
Gv(1.))=-Gv(1.i);

end

%-
% Generating the 2-D masks for the decompovition
Hv=Hv';

Gv=Gv',

%the 2° factor here reduces the sumber of multiplication? for
K each lower level coefficients

HhHv =2*Hv*Hh;

HhGv=2*Gv*Hh;

GhHv=2*Hv*Gh,

GhGv =2*Gv*Gh;

NHh = length(Hh);

NHv =leagth(Hv);

% End

[ 134 . GOESCOINEITIISIFEISRIICIGNISRNIINTGSY

% PHASOO.M  2-D phase 00 decompouition of the dats array

N AR

By: LT J. E. Leguspy
Professor Lam
US Naval Postgraduste School, Monierey CA
e-mail: legaspi@ece nps.navy. mil
lam@ece. nps navy.mil
Phone: (408) 646-3044/2772
VPPN CVSINARIEP LA S PPLRIOESIERERINEEIRSNORORDS
% This routine does 8 phase 00 decomposition given the input armay - Cout.
% horiz: 0 vert: 0

u:amuuu
.

%

% Variables:

% Cout, Dlout-D3out - working variables for the coefficients
% wrkepc - working armay for the ¢ cocfls
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% Required m-files:

% wav2d.m - callin’ program

% decomplt.m - ploting routine for the res level
%

%

cle

{rows cols} =size(Cout);
%check if the row is odd, if it is, pad with one zero
if rem(rows/2 floor(rows/2)) = =
Cout=[Cout;zeros(1,cols)};
rows=rows+1;
end
%do the same with the columas
if rem(cols/2.floor(cols/2)) = =
Cout={Cout zeros(rows.1)];
cols=cols+1;
end
% gencrale the workspace
wrkspc ={zeros(NHv -1,cols + 2°NHh-3);zcros(rows NHh-1 Cout zeros(rows, NHh-2);...
zeros(NHv-1,cols+2*NHh-3)),
clear Cout Dlouwt D2out D3out
% Now operate on the wrkspc with the decompos:.ion masks
a=0;
for rowl =1:2:rows+NHv-2
e=a+l;
b=0,
for coll =1:2:cols+NHh-2
b=b+1;
wrk = wrkspc(rowl:rowl +NHv-1 coll:coll + NHh-1);
Cout(a,b) = sum(sum(HhHv .* wrk));
Dlout(s,b) =sum(sum(HhGv.* wrk));
D2out{a.b) =sum(sum(GhHv .®* wrk));
D3oul(s.b) =sum(sum(GhGv.* wrk));
end
end
% Store the working variables with the appropriate name
eval(['c’,num2str(abe(lv])),” =Cout;’])
eval(['d1’.aumZsur(abs(ivD)),’ =Dlout;’])
eval(['d2’ ,num2sur(abs(ivi)), = D2out;’})
eval(['d3’ ,num2str(abe(ivl)),” = D3out;’})

clg

% Display the variables C. D1, D2 and D3 for the resolution level

decompht

’ SOSVOORIPONNIIPPENESINE 1 000000 OSRDOEERROERINDY
% PHAS10.M  2-D phase 01 decomposition of the data

%

*

% By: LT I E. Legaspi

% Professor Lam

% US Naval Postgraduste School, Monterey CA

% e-mail: legaspi@ece.nps.navy. mil

% lam@ece.nps.navy. mil

% Phene:  (408) 646-3044/2772

% SEPOTICPIOIPIIER ST SSOPINORENERSRETRREPOORSD

% This routine does a phase 10 decompouition given the input arrsy - Cout.
% horiz: 1 vert: 0

%

% Variables:

% Cout, Dlout-D3out - working variables for the cocfficicnts
% wrkapc - working array for the ¢ coeffs
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%
% Required m-files:

wavld.m - calling program
% decomplt.m - plotting routine for the res level
%

[rows cols] =size(Cout);
% check if the row is even, if it i, pad with one zero
if rem(rows/2.floor(rows/2)) ==
Cout=[Cout;zeros(1,cols));
rows=rows+1;
end
% odd column check
if rem(cols/2,floor(cols/2)) ~= 0
Cout=[Cout zeros(rows, 1)];
cols=cols+1;
end
% generate the workapace
wrkspc = [zeros(NHv-1 cols + 2*NHh-4);zeros(rows NHh-2Lout zeros(rows,NHh-2);...
zeros(NHv-2,cols +2*NHh-4));
clear Cout Dlout D2out D3out
a=0;
for rowl=1:2:rows+NHv-2
a=a+l;
b=0,;
for coll =1:2:colsa+NHh-2
b=b+1;
wrk =wrkspc(rowl:rowl +NHv-1,coll:coll + NHh-1);
Cout(a,b) = sum(sum(HhHv .* wrk));
Dlout(a,b) =sum(sum(HhGv.* wrk));
D2out(a,b) =sum(sum(GhHv.* wrk));
D3out{a.v) =sum(sum(GhGv.® wrk)),
end
end
12 = abe(ivi);
eval(['c’ .oum2str(ivi2).’ =Cout."))
eval(['d1" .oum2str(ivl2),” =Dlout;’]))
eval(['d2’ . num2sr(ivl2),’ = D2out;'])
eval{['d3’ .oum2str(v12)." =D3owt;’))

clg

decomph

’ BOORCESS0000PPPOE SN CINNIOPOERPIBEINDIED
% PHASOI.M  2.D phase 01 decomposition of the data array
%

%

% By: LT J E. Legaspi

% Professor Lam

% US Navsl Postgraduate School, Monterey CA

% e-mail: legaspiGece.nps.navy . mil

% lam@ece.nps. navy.mil

% Phone:  (408) 646-3044/2772

R P0C0E00000000E0EIEIIINTNINENOEREINIIIINIIEIIINGS

% This routine does & phase 01 decomposition given the input array - Cout.
% bhoriz O vent: |

%

% Varniables:

4 Cout, Dlout-Dlout - working variables for the coefficients
% wrkspc - working srray for the ¢ coeffs

B et etrteoaamcaesceesasennnnnnmeesnanmnnesmeneeesestnsaresbanraans

% Required m-files:

% wav2d m - calling program

% decomplt.m - plotting rouunc for the res level
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cle
[rows cols]) =size(Cout);
%check if the row is odd, if it is, pad with one zero
if rem(rows/2.floor(rows/2)) ~ = 0
Cout=[Cout,zeroe(1.cols)];
rows=rows+1;
end
%check if the columns are even
if rem(cols/2,floor(cols/2)) = = 0
Cout=[Cout zeros(rows,1)];
cols=cols+1;
end
% gencrate the workspace
wrkspc ={zeros(NHv-2,cols + 2*NHh-3);zeros{rows, NHh-1Cout zeros(rows NHh-2);. .
2eros(NHv-2,cols +2*NHb-3));
clear Cout Dlout D2out D3owut
a=0;
for rowl =1:2:rows+NHv-2
a=a+];
b=0;
for coll =1:2:cols+ NHh-2
b=b+1;
wrk =wrkspc(rowl:rowl + NHv-1,coll:coll + NHh-1),;
Cout(a,b) = sum(sum(HhHv .* wrk));
Dlout(a.b) =sum(sum(HhGv.* wrk));
D2out(s,b) =sum(sum(GhHv.* wik));
D3out(s,b) =sum(sum(GhGv.* wrk));
end
end
IVI2 =abe(Iv]);
eval([*c’,num2str(IvI2),” =Cout; "))
eval(['d1’ num2s(ivi2),’ =Dlout;’))
eval(['d2’,num2str(ivi2),’ = D2out;’))
eval([*d3’ .num2ar(iv12),’ = D3out;’}))

clg

decomplt

%

% PHASII.M  2-D phase 11 decomposition of the data array
%

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval P tgrad School, M cycA

% e-mail: legaspi@ece.nps.navy.mil

% lam@ece.nps.navy.mil

% Phone: (408) 646-3044/2772

% o

% This routine docs a phase 11 decomponition given the input array - Cout.
% horiz: 1 vert: 1

%

% Variables:

% Cout, Dlout-D3out - working variables for the coefficients
% wrkspc - working array for the ¢ coefT™s

%

% Required m-files:

% wav2d.m - calling program

% decompit.m - plotiing routine for the res Jevel

%

%

clc
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[rows cols] =size(Cout);

%check of the row is odd, if it is, pad with one zero

if rem(rows/2,floor(rows/2)) ~= 0
Cout={Cout;zeros(1,cols)];
rows=rows+1;

end

%do the same with the columns

if rem{cols/2,floor(cols/2)) ~= 0
Cout=[Cout zeros(rows, 1)];
cols=cols+1;

end

% generute the workspace

wrkspe ={zeros(NHv-2.cols + 2*NHh-4);zeros(rows, NHh-2Cout zeros(rows, NHh-2);...

zeros{NHv-2,cols +2*NHh-4)];
clear Cout D1lout D2out D3out
a=0;
for rowl =1:2:rows+NHv-2
a=a+l;
b=0;
for coll =1:2:cola+NHh-2
b=b+1;
wrk =wrkspc(rowl:rowl + NHv-1,coll:coll + NHh-1);
Zout(s,b) = sum(sum(HhHv .* wrk));
Diout(a,b) =sum(sum(HhGv.* wrk));
D2out(a,b) =sum(sum(GhHv.* wrk));
D3out(a,b) = sum(sum{GhGv.* wrk));
end
end
Ivi2 =abs(ivl);
eval(['c’.oum2ar(ivi2),’ =Cout;’))
eval([*d1’ ,aum2str(iv2), = Dlout;’])
eval(['d2’ . aum2su(ivi2),’ =D2out;’))
eval({'d3’ ,num2str(Ivi2),” =D3out;’])

clg

decompht

%

% DECOMPLT.M displays the coefficients for & particular level
%

% By: LT I E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Montercy CA
% c-mail: legaspi@ece.nps.navy. mil

% lam@ece.nps.navy.mil

% Phone: (408) 646-3044/2772

%

% Variables: as defined in WAV2D. M and PHAS?? M
%

% Required m-files:
% WAV2D.M  parent routine

PHAS??.M  one of four possible cslling routines
STRPLT.M  meufile storage of sclected plots

RN RNA

clg

subpio(221),contour(Cout); xiabel("Cm’);

title(['wavelet horiz: *,waveleth));

subploy222),contour(D1out); xlabeK'Dlm’)

title(['wavelet vert: *,waveletv])

subplot(223).contour(D2out); title('D2m’)

xlabel({'Horiz phase: * setstr(fliplr(phavcth +48))," Vert phase: *,...
setstr(flipir(phsvctv + 48))])

subplot(224),contour(D3out); title{’D3m")
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xlabel([' Resolution Level ' .num2str(ivl)])
peuse
srpht

clg

subploA(221).meah(Cout); xiabel(’Cm")

title({"wavelet horiz: *,waveleth));

subplot(222), mesh(D1out); xisbel('Dim’)

title(['wavelet vert: ', waveletv])

subplot(223), mesh(D2out); tile('D2m")

xlsbel(f"Horiz phase: *.sctatr{flipir(phavcth +48))." Vert phase: °....

seusir(flipir(phavetv +48))])

subplo(224),mesh(D3out);tile('D3m")
xlabel([' Resolution Level *,num2str(ivl)])
psuse

strpht

%

%

END

% enrg2d.m  Determining the Energy in each resolution level

%
%

Two Dimensionsl Casc

% By: LT I E. Leguspi

RRARRANR

Professor Lam

US Naval Postgraduate Schoal, M y CA

c-mail: legaspi@ece.nps.oavy. mil
lam@ece.nps.navy. mil

Phooe:  (408) 646-3044/2772

% For the single phasc case, the encrgy is normalized to resolution
% level 0. All the energics of the “c's” and the "d's” of a

% particular level should add up to the energy of the “c's” of the

% uvext higher level. The calling routine is *wav2d.m” and “strplt.m®
% is 8 necessary m-file.

%
%
%
%
%

Variabies (other than defined in mp2d.m):

E - energy army for [c.d]1,d2,d3] for caach level
esum - total energy of each level: [c(m)+d1+d2+d3)=c(m+1)

% Initialization of the energy sum for resolution level 0

E=zeros{-loweat+1.4);

E(1.1) = sum(sum(c0 . “2));

vi=-1;

k=1;

% Calculate the energics for each resohution level

while 1.1 > =lowest
E(k +1,1)=sum(sum((eval(['c’.num2str(abs(iv)))])). “2));
E(k+1,2) =sum(sum{(evak{'d1’ ,num2str(sbs(Ivi))D)} “2));
E(k +1,3) = sum(sum((eval(['d2’ .num2su{abs(iv1))})) “2));
E(k +1,4) =sum(sum((eval(['d3" .num2str(abs(Iv))])) “2));
i=ivl-1;
k=k+1;

end

E=E/E(1,1); % normalize the energy to level 0
E=flipud(E); % top row is the lowest resolution
% Display of the energies by cocfficients

clg

k={lowest-11 0 1.1};
axia(k);subpiot(221) . bar(lowest: 1:0,.E(:, 1))

xlabel('c’)
title(['wavelet horiz: *,waveleth])
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axis(k);subplot(222) bar(lowest: 1:0,E(:,2))
xlabel('d1")
utle(['wavelet vert: ‘,waveletv])

axis(k);subplot(223),bar(lowest: 1:0,E(:,3))
title('d2")
xlabel('single phase casc’)

axis(k);subplot(224) bar(lowest: 1:0,E(: 4))
ttle('d3")

pause

strplt

clg

cle

E=E’;

esum =eum(E);

disp(’ 17

dd=[" Verification of the encrgy in each resolution level

. .

'Level  Energy in Energy in C Difference’
‘'m level m-1 level m '
* c+dl+d2+d3 *
! T
disp(dd)
j=-lowest;
for i=1:-lowest
a=csum(i);b=E(1,i+1);c=-j+1;d=abs(a-b);
fprintf(" %2.0f %17.15¢ %17.15f ".c.ab)
fprintf(’ %17.15f\n’ . d)

=ik
end
pause
cle
% End
% .
% recon2d.m  2-D reconstruction algorithm for the single
% selectable phase case
%
%
% By: LT J. E. Legaspi
% Professor Lam
% US Naval Postgraduate School, Monterey CA
% e-mail: legaspi@ece.nps.navy.mil
% lam@ece.nps.navy.mil
% Pbone: (408) 646-3044/2772
%
%  Variables (other than defined in wav2d.m):
%
%  HvHb.HvGh - reconstrution masks
%  GvHh,GvGh
%  whichl - phase decomposition for the particular level
% cwork - reconstructed ¢ coefficient array for a level
%
%  Required routines:
% wav2d.m
% suplt.m
% mmh??.m -- 7?7 = 00,01,10.11 for the
% mask multiplication
%
o«
ck
dig' )

q=input(' Do you desire to do the reconstruction (Y/N)? *,'s");
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ifq=='y’ |q=="Y"
% The following four lines generate the reconstruction masks
HvHh =Mlipir(flipud(HhHV));
HvGh =fliplr(flipud(GhHv));
GvHh = fliple(flipud(HhGv));
GvGh = fliplr(flipud(GhGv));
disp(’ °])
q=inpui(’Do you desire 10 sec the masks? °,’s’);
ifq=='y' | q=='y'
% We will border the arrays with zeros for a better mesh plot
[aa bb] =size(HhHv);
disp(’ )
disp("HhHv decomposition’)
disp(HhHV)
subplot(121)
axis("square’)
mesh([zeros(1.bb+2);zeros(an, 1) HhHv zeros(aa, 1);zeros(1,bb+2)])
title(’HhHv decomposition mask")
dinp(’ *)
disp('"HvHh reconstruction”)
disp(HvHh)
subplot(122)
axis("square’)
mesh([zeros(1,bb +2);zeros(an, 1)HVHh zeros(asa, 1);zeros(1,bb +2)])
title('HvHh reconstruction mask')
pause
strpht
clg
disp(’ )
disp('"HhGv decomposition”)
disp(HhGv)
subplot(121)
axis('square’)
mesh({{zeros(1,bb+2);zeros(as, 1)HhGv zeros(aa. 1);zeros(1,bb+2)))
title{"HhGv decomposition mask’)
disp(* ")
disp(’GvHh reconstruction’)
disp{(GvHh)
subploy(122)
axis(‘square’)
mesh([zeros{1,bb+2);2zeroe(as,1)GvHh zeros(aa,1);zeros(1,bb+2)])
title{'GvHh reconstruction mask ')
pause
strpht
clg
disp(" *)
disp(’GhHv decomposition’)
disp(GhHv)
subplot(121)
axis('square’)
mesh([zeros(1,bb+2);zeros(aa, 1)GhHv zeros(aa.1);zeros(1,bb +2)])
title(’GhHv decomposition mask”)
disp(* )
disp('HvGh reconstruction’)
disp(HvGbh)
subplot(122)
axis('square’)
mesh({zeros{1,bb+2);zeros(an, 1)HvGh zcros(as,1);zcron(],bb+2)])
title(’ HvGh reconstruction mask’)
pause
strpht
clg
disp(* )
disp("GhGv decomposition’)
disp(GhGv)
subplot(121)
sxis(’square’)
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mesh([zeros(1,bb +2);zcroe(aa, 1) GhGv zeros(an,1);zcros(1 bb+2)})
title(' GhGv decomposition mask’)
disp(" ')
disp('GvGh reconstruction’)
disp(GvGh)
subplot(122)
axis(‘square’)
mesh([zeros(1,bb+2);zeros(as, 1)GvGh zeros(aa, 1);zeros(1.bb+2)])
title('GvGh reconstruction mask’)
pause
strplt
clg
end
clear aa bb
axis('normal’)
clc
disp(" 1)
disp"  NOW DOING THE RECONSTRUCTION")

L4

% start at the lowest level
% and calculate the ¢’s for the next level
lowest = -abs(lowest);
vl=lowest;
cwork =eval({"¢’ .num2str(ubs(lowest))]);
a=0;
while vi<0
saz=aa+tl;
{a b] =size(eval(['c’,num2str(aba(ivi+ 1))])):
d1 =eval(["d1’ . num2str(sbs(ivD)]);
d2=eval(['d2’ ,num2str{abs(tv]))));
d3 =eval([*d3’.oum2str(abs(ivD)]);
which1 = [pum?2str(phsvcth(as)),num2str{phsvctv(aa)));
eval([’tc=mmlt’,which1,"(cwork, HvHb); ']}
eval([“wd] =mmhi’, which1,’(d1,GvHb);'])
eval(['Wd2=mmit’,which1,"(d2,HvGh);’])
eval({’«d3 =mmit’,whichl,'(d3,GvGh);']D)
clear ework d1 d2 d3
cwork =tc(1:a,1:b) +1d1(1:a,1:b) +1d2(1:a,1:b) +1d3(1:a,1:b);
clear ¢ td1 Wd2 W3 a b whichl
clg
axis('square’)
% plot the result of the c's for comparison
subplot(121),contour(cwork);
title(’ Reconstructed C array’)
subplot(122),contour(eval([’c’ ,num2str(sbe(iv))-1)]));
title(["Actual C arnay’])
xlabel([’Resolution Level * num2str(ivi+1)])
pause
suplt
clg
subplo(121). mesh(cwork);
title(’Reconstructed C array’)
subplot(122),mesh(eval(["c’ ,num2str(abs(ivl)-1)})):
title(["Actual C amay’))
xlabel(['Resolution Level ’,num2str(ivi+ 1)])
pause
suplt
clig
errr=cwork-eval(['¢’ ,oum2str(sbe(lvi+ 1))]);
if max(max(abs{errr))) ~ =0
mesh(sbs(errr))
titie([’ Absolute error from ', num2sts(ivl),’ 0 *.num2str(ivi+1)])
xiabel(["Maximum Error Value: * aum2str(max(max(abs(errr))))])
pause
strplt
clsc
ck
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clg
disp" 1)
disp(’ ¢** NO ERROR IN THE RECONSTRUCTION ***’)
disp([* 1)
disp(’ NOW CALCULATING THE NEXT RECONSTRUCTION")
disp([* FROM LEVEL 'num2str(lvi+1)," TO °,...
aum2str(ivl+2)])

end

vi=vl+1;

end

axis('normal’)

cke

end

function x =mmit00(array . mask)

% (122713} (XL 22222 YT YT E T ]
% MMLTO0.M  mask multiplication and ion for the 2-D phase 00

% reconstruction

%

% By: LT ). E. Legaspi

% Profeasor Lam

% US Naval Postgraduate School, M ey CA

% c-mail: legaspi@ece.nps.pavy.mil

% lum@ece.nps.navy. mil

% Phone: (408) 646-3044/2772

% (1T 1} .
% {11111 This routine is only for PHASE-00 f!111(11t

% Required M=files:

% wav2d.m -- grandparent routine

% recon2d.m -- parent routine

% ptzro2d.m -- puts n zcros rows & cols btwn coeff's

[ 4

array =ptzro2d(array,1);
% gencrate the workspace
[NHv NHb] = size{mask);
[row col] =sizefarray);
arrey = {array zeros(row NHh-2));cols =col+NHh-2;
array ={array; zeros{NHv-2,cols)];
a=0;
for row} =1:row-1
a=a+l;
b=0;
for coll =1:col-1
b=b+1;
wrk =army(rowl:rowl +NHv-1,coll:coll + NHh-1);
x(n.b) =sum(sum(mask . *wrk));
end
end
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function x =mmlt] M(array . mask)

%.... SEEPEBDES CENSBBTEBEES VOB ABIAILNOSNIIS PRSI S
% MMLTIO.M  mask multiplication and ion for the 2-D phase 10

% reconstruction

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Montcrey CA
% e-mail: legaspi@ece.npe.navy. mil

% lam@ecce.nps.navy. mil
% Phone:  (408) 646-3044/2772
% .s

PRISEIESSEISEL OSSO SSEISS0R0IRES

Required M = files:
wav2d.m -- grandparent routine
recon2d.m -- parent routine
pzro2d.m-- puts n zeros rows & cols btwn coeff"s

AARRRR

arrsy =ptzro2d(array.1);
% generate the workspace

[NHv NHbh)] =size{mask);
[row col] =size(array);
armay =[zeros(row, 1) array zeros(row,NHh-2); zeros(NHv-2,col+ NHh-1)];
a=0;
for rowl =1:row-1

a=a+l;

b=0;

for coll =1:col

b=b+1;

wrk =armay(rowl:rowl + NHv-1,coll:coll + NHh-1);
x(a.b) =sum(sum(mask. *w k));
end
end

function x =mmit01(array,mask)

%
% MMLTO1.M mask multiplication and summation for the 2-D phase 01
% reconstruction
%
% By: LT J. E. Legaspi
% Professor Lam
% US Naval Postgraduate School, Monterey CA
% c-mail: legaspi@ece.npe.navy. mil
% lam@ece.nps.navy.mil
% Phone: (408) 646-3044/2772
%
% 111111 This routine is only for PHASE-01 !!!!111!!
% Required M=files:
% wav2d.m -- grandparent routinc
% recon2d.m -- parent routine
% pizro2d.m -- puts n zeros rows & cols btwn coeff"s
%
army =ptzro2d(array, 1);
% generste the workspace
{NHv NHh)] =size(mask);

[row col] =size(array);
array ={zeroe(l,col + NHh-2);arrayzeros(row, NHh-2),zeros( NHv-2.col+ NHh-2)];
a=0;
for row] =1:row
aza+l;
b=0;
for coll =1:cal-1
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b=b+1;
wrk =armay(rowl:rowl + NHv-1,coll:coll + NHh-1);
x(a,b) = sum(sum(mask. *wrk));
end
end

function x=mmiltl } (array, mask)

% L LIA2 2T

% MMLTI11.M  mask multiplication and ion for the 2-D phase 11
% reconstruction

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA

% c-mail: legaspi@cece.nps.navy. mil

% lam@ece. nps.navy.mil

% Phone: (408) 646-3044/2772

% [ 212 ] L1213}
% 1111111 This routine is only for PHASE-11 111111

% Required M=files:

% wav2d.m -- grandparent routine

% recon2d.m -- parent routine

% ptzro2d.m-- puts n zeros rows & cols btwn coeff"s

[ 4

armay =ptzro2d(armay, 1);
% generate the workspace
[NHv NHh)] = size(mask);
[row col] =size(array);
array =[zeros(1,col);armay];rows =row+1;
array =[zeros(rows, 1) armay];cols=col+1;
arnay = (array zeros(rows, NHh-2)];cols =cols + NHh-2,
army =[armay; zeros( NHv-2,cobs)];
a=0;
for rowl = 1:row
a=a+l;
b=0;
for coll =1:col
b=b+1;
wrk =array(rowl:row1 + NHv-1,coll:coll + NHh-1);
x(n.b) = sum(sunymask. *wrk));
end
end
function x = ptzro2d(input,n)

x .

% PTZRO2D.M puts “n° rows and columns of zeros afier each

% coefficient in the 2-D input array

%

% By: LT 1. E. Legmspi

Professor Lam

US Naval Postgraduate School, M y CA

e-mail: legaspi@ece.nps.navy mil
lam@Gece.aps.navy . mil

Phone: (408) 646-3044/2772

MRRARRN
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% wav2d.m  -- great-grandparent routine
% recon2d.m  -- grand parent routine
% mmht??.m  -- parent routine, 7?=00,01,10,11
[ 4
[r c}=size(input);
x0=(j;
for j=1:¢c
x0=[x0 input(:,j) zeros(r,n)];
end
[r c)=size(x0);
x=[];
for)=1l:r
x=[x;x0(j,:);zeros(n,c)];
end
%‘ e L L1 -
% MP2D.M 2-D Multi-pbase decomposition
%
% By: LT J. E. Legnspi
% Professor Lam
% US Naval Postgraduste School, M ey CA
% e-mail: legaspi@ece.aps.vavy mil
% lam@ece.nps.navy . mil
% Phone:  (408) 646-3044/2772
%

% MP2D conducts s multiple phase decomposition routine for the 2-D
% case. The following m-files are required:

%

% wav2d.m - calling routine

% mpdemp2d.m - muliple phase decomp for 1 resolution level
%  suph.m - mewfile storage of sclected plous
%  enrg2dmp.m - multiple phase encrgy check
<

% Variables are the same as the calling program
%

%

%

% Initialization of the routine

cle

cig

subplot(211).mesh(c0),title("3- DPlot of the Image Array’)

subplot{212),contour(c0) title('ContourDisplay of the Image’)

pause

strpht

clg

clg

axias( ‘normal’)

bold off

disp(I° ')

lowest = input{"Enter the lowest resolution level: °);

lowest = -abe(lowest),

m=0,

%

%

% Calculating the Coefficients for each resolution level

while m> =lowest+1
eval(['c’ ,oum2str(-m + 1)," =mpdcmp2d(c’ .aum2str(sbs(m))." . HhHv.m);"])
eval([*d]’ ,pum2sts(-m+ 1), =mpdcmp2d(c’ .num2sur(abe(m)), ' . HhGv.m);'])
eval['d2’ ,num2str(-m+ 1), = mpdcmp2d(c’ ,num2str(abs(m)).".GhHv,m).’])
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eval(f’d3’.oum2str(-m+1),’ = mpdcmp2d(c’ ,num2str(abs(m)).’ .GhGv.m);’])

% Display of the coefficients
subplot(221),eval(['mesh(c’,oum2sts(abe(m) +1),')'}))
xiabel({'¢’'])
title([*wavelet horiz: *,waveleth])
subploy(222),eval({ 'mesh(d1’, num2str(abs(m)+1),")'D
xlabel(["d1’))
tde({ wavelet vert: " waveletv)])
subplot(223),eval(['mesh(d2’ ,aum2str(abs(m) +1).")'])
title(['d2'))
xlabei(’multiphase case’)
subplot(224), eval(['mesh(d3’ .num2str(abs(m) +1).°)'])
title(*d3°])
xlabel([*Resolution level °,num2str(m-1)])
pause
supht
clg
subplot(221),eval([ contour(c’ ,num2str{abs(m)+1),")’})
xlabel(['c’])
ttle(['wavelet horiz: . waveleth))
subplot(222) .eval[’contour(d1’ ,num2str(abe(m) +1).")'])
xlabeK(['d1°])
title(['wavelet vert: *,waveletv])
subplot(223). eval([’contour(d2’ . num2str{abs(m) + 1).")'})
title([’d2°])
xlabel('multiphase case’)
subplot(224),eval([’ contour(d3’,num2str(abs(m) +1).")'])
tithe(["d3°])
xlabel({’ Resolution level *,num2sts(m-1)])
pause
strplt
clg
n=m-1;

4

g

ergy check for the 2-D multiphase case
mp

B

naﬂﬁ A RN

The End

function x = mpdcmp2d(array, mask,m)

%

% MPDCMP2D.M 2-D Multi-phase decomposition decomposition fi
% m-file

%

% By: LT I E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA

% e-mail: legmpi@ece.ops.navy. mil

% lam@ece.nps.navy . mil

% Phone: (408) 646-3044/2772

KOSV LIVITILLELNIIIINCILRNRERINNLOTNETIINS L4 e
% MPDCMP2D is the actual function m-file that zero pads the input
% image array given the size of the mask operator and the

% resolution level m. *m* is the current resolution level

% and is @ negative number.

%

% mpld.m - calling routine

%

%
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[NHv NHh] =size{mask);
[ b)=size(armay);
x=zeros{a+2"(-m)*(NHv-1),b+2"(-m)*(NHh-1));
for k=1:NHh
for 1=1:NHv
%add the rows of zeros
work = [zeros(2”(-m)*(}-1).b);array;zeros((NHv-1)*2"(-m).b));
(& b] =size(work);
%udd the cols of zeros
work1 =[zeros(a,2°(-m)* (k- I))work zcros(a.(NHh-k)*2"(-m})};
work2 =mask(NHv-1+ 1 NHh-k+ 1)*work1;
x=x+work2;
% clear work workl work2
end
end

G OSCOINNEILENIIPILEINIOIERECIINNINNIELRIIINIINEIEERISINGLIRINIISS

% enrg2dmp.m  Determining the encrgy in each resolution level
% multiphase case

%

% By: LT J. E Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA

% e-mail: legaepi@ece. nps.navy. mil

1 lam@ece.nps.navy.mil

% Phone:  (408) 646-3044/2772

i . .

% In this MULTIPHASE case, the lower level will have

% four possibic phases, thus its energy will be 4 times as high as
% the next higher level so we will divide the energy of the lower
% level and the value should equal the energy of the ¢'s of the

% next higher level.
%

Varisbles (other than defined in mp2d.m):

esum - towal energy of each level: [c(m)+d1 +d2+d3}/4=c(m+1)

%
%
% E - energy srmay for [c.d1,d2,d3) for canch level
%
<

E=zeroe(-lowest+1.4);

% lnitialization of the energy for resolution level 0

E(1,1) =sum(sum(c0 ."2)),

ivi=-1;

k=1;

% Calkulate the coergies for each resolution level

while Ivl> =jowest
E(k +1,1)= sum(sum((evaX[ c’,num2str(abe(Iv]))))). “2°4"(Iv))));
E(k+1,2) = sum(sum((evaK['d1" .aum2str(sbe(Iv1))])} “2°4"(IvI))).
E(k+1,3) = sum(sum((evak(['d2’ ,aum2str(abs(ivi))])} “2°4°(Iv])));
E(k+1,4) = mum(sum((cval(['d3’ ,oum2str(sbe(lvI))])} “2°4° (VD).
M=lvi-1;
k=k+1;

end

E=E/E(1,1); % normalize the caergy to level 0

E=flipud(E): % 10p row is lowest resolution level

% Display of the energies by coeflicients

clg

k={lowest-1101.1};

axis(k).subplot(221),bar(lowest: 1:0,E(:.1))

xlabek'c’)
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title(['wavelet horiz: *,waveleth])
axis(k); subplot(222),bar(lowest: 1:0,.E(:,2))
xlabel(*d1")
title([*wavelet vent: ', waveletv])
axis(k);subploy(223), bar(lowest:1:0.E(:,3))
title("d2")
xlabel('multiphase case’)
axis(k);subplot(224) .bar(lowest: 1.0, E(: 4))
tide('d3’)
pausc
supht
clg
cle
E=E’;
esum = sum(E),
esum = sum(E);
disp(" D)

dd=¢’ Verification of the energy in each resolution level

'Level  Energy in Energy in C Difference’
‘'m level m-1= level m '
c+dl+d2+d3 '
. ke
disp(dd)
j=lowest;
for i=1:-lowest
s=esum(i);b=E(1,i+ 1);d =sbe(a-b).c=j+ ',
fprintf(" %2.0f %17.15f %17.15f ‘.cab)
fprintf(° %17.15f\n’ .d)
j=j+l;
end
pausc
ck
% End

%-— LJ
% IDATA.M Sample Image data for testing the routines

x

% By: LT J. E Legaspi

% Professor Lam

% US Naval Postgraduate School, Monterey CA
% e-mail: legaspiGece nps.oavy. mil

% lam@ece.npe.navy.mil

% Phone:  (408) 646-3044/2772

%
K

SOSELSORINESENEREINNIOEBIPIRER SR
=menu(' Select image’,’Box1',’Box2".'Box3",'B/W* "2B/W' "8B/W". ...
'X'.'Hexagon'),

fK==]

% first image is a box

im =2zeroe(100,100);
im(20:21,20:80) = ones(2.61);
un(79:80.20:80) = onen(2,61);
m(22:78,20:21) =ones(57,2);
1(22:78,79:80) = ones(57.2),

elaeif K= =2
im=2zeroe(100,100);
(20,20:79) = ones(1,60);
im(80,20:79) = onea(1,60);
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m(20:79,20) =ones(60.1);
im(20:79,80) = ones(60,1);

ehocif K= =3

im = zeroe(100,100);
m(1:2,1:61) =ones(2.61);
im(60:61,1:61) =ones(2,61);
m(3:59.1:2) =ones(57.2);
im(3:59.60:61) =ones(57.2);

clseif K==

% second image is a 1 white and 1 black rectangle
im=zeros(100,100);

im(:,51:100) =onex(100,50);

elscif K==5

% third image are two black boxes and two white boxes
im=zeros(100,100);

im(1:50,1:50) = 0nes(50,50);
m(51:100,51:100) = ones(50,50);

ehacif K==6

% fourth image arc 8 black and B white boxes
m=2zeros(100,100);

im(1:25,:) =[ones(25,25)zeron(25,25) ones(25,25) zeros(25,25)];
im(26:50,:) ={zeroe(25,25)ones(25,25) zeros(25,25) ones(25.25)];
im(51:75,:) = [onea(25.25)zeroe(25,25) ones(25,25) zeroe(25.25)];
m(76:100,:) = [2eroe(25.25)ones(25,25) 2eroe(25,25) ones(25,25)];

elacif K= =7

% fifth image are 2 45 degree diagonals
im =eye(100,100);

im = sign(im + flipud(im));

clseif K= =8
% sixth image is a bexagon
for row=1:20
n=2%ow-1;
im6(row,n:n+2) =onecs(1,3):
end
(= b] =size(im6);
row2 =ceil{sqrt(a“2+b"2));
imGa =zeros(row2.b);
imba(:,b-1:b) =ones(row2,.2);
rim = [im6, im6a,; fliplr(im6))];
lim = flipir(rim);
im6 =(lim rim];
clear row row? imb6a lim rim
[a b} =size(im6);
im6a =zeroe(100,100);
aa=floor((100-2)/2);
bb = floor((100-b)/2);
imb6e(sa+ 1:a8+12,bb+1:bb+b)=im6;
im =im6e;
clear im6 imba s sa bib K n
end
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C. ROUTINES COMMON TO BOTH DIMENSIONS

% SEESBEESELINEESSIBINSERISHSIONNOIES
% chkputer.m  checks for the proper operating system

%

% By: LT J. E. Legaspi

% Professor Lam

% US Naval Postgraduate School, Montercy CA

% e-mail: legaspi@ece.nps.navy mil

% lam@ece.nps.navy. mil

% Phone:  (408) 646-3044/2772

% LA R EL T2 22T 2 1A 24 dd
%

% This routine reads the variable “cmpts® to see if it can run in

% the current system. At this time, the algorithm will run on a

% PC386, UNIX, or SUN system. If the operating system is a8 VAX-
% based, the routine will not be as reliable since the VAX MATLAB
% does not recognize IEEE arithmetic. The routine also deletes all

% other leg®.met files prior to running.

L4

»

[cmptr mxsz] =computer;
a=length(cmpts);
clke;

if cmpt(1)=="P & cmptr(2) = =’C'&cmptr(3) = ='3",

tdel leg® met;
clacif cmptr(1) = ='S"&emptr(2) = ="U'&cemptr(3) = ='N°,
!rm leg®.met;
clseif cmptr(a-3)= ="U'&cmptr(a) = ='X",
'rm leg®.met;
clse
clc
disp(* 1)
ql =[*****Errorin inpwi*®****’
‘the algorithm...PLS *
' Restart the Program  °};
disp(ql)
retum
end
%
% stplt.m
%
% Store Plot M-file for wavelet decomposition routine
%
% By: LT J. E. Legaspi
% Professor Lam
% US Naval Postgraduate School, Monterey CA
% e-mail: legupi@ece.nps.navy.mil
% lam@ece.nps.navy.mil
% Phone: (408) 646-3044/2772
S e
%

% This program stores the plot as a metafile with the prefix “leg®

% followed by a number starting from 0 on upwards and ending with
% the extension “.met” You must be familiar with GPP 1o get hard-
% copies of the plows. “pitcnt” is the only variable necessary for

% the proper indexing of the Jeg®. met files. Ensure thet the
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% calling program does not redefine the variable!
<

»

disp(" ")
g5 =input(*Store the Plot (Y/N)? °,"s’);
g5 =="Y | 5 ==y,

eval(['meta leg’, num2str(plicnt)])
phent=plicot+1;
end
% T TT Y] (17 ]
% daubdata.m
%
% By: CAPT/USMC Kaimbsch, M.
% Professor Lam
% US Naval Postgraduate School, Monterey CA
% e-mail: lam@Gece.nps. navy.mil
% Phone: (408) 646-3044
%
%

function[bcoeff] = daubdata(x)
% This function returns the proper “h” coefficients for the specified order
% Daubechies wavelet. The input value of “x” is the specified order.
fx==2
heoeff = [0.482962913145,0.836516303738;0.224143868042;-0.129409522551);
elseif x == 3
heoeff = [0.332670552950;0.806891509311,0.459877502118;-0.135011020010;
-0.085441273882;0.035226291882];
elscif x == 4
heoeff = [0.230377813309,0.714846570553.0.630880767930;-0.027983769417,
-0.187034811719;0.030841381836,0.032883011667;-0.010597401785);
clseif x ==
heoeff = [0.160102397974,0.603829269797,0.724308528438,0.138428145901;
-0.242294887066;-0.032244869585,0.077571493840,-0.006241490213;
-0.012580751999.0.093335725285}];
elseif x == 6
heoeff = [0.111540743350,0.494623890398,0.751133908021;0.315250351709;
-0.226264693965,-0.129766867567,0.097501605587,0.027522865530;
-0.031582039318;0.000553842201;0.004777257511,-0.001077301085];
clseif x == 7
heoeff = [0.077852054085,0.396539319482,0.729132090846,0.469782287405;
-0.143906003929,-0.224036184994,0.071309219267,0.080612609151 ;
-0.038029936935;-0.016574541631,0.012550998556,0.000429577973;
-0.001801640704;0.000353713800]);
elscif x ==
heoeff = [0.054415842243,0.312871590914,0.675630736297;0.585354683654;
-0.015829105256,-0.284015542962,0.000472484574,0.128747426620;
-0.017369301002;-0.044088253931,0.013981027917,0.008746094047,
-0.004870352993;-0.000391740373,0.000675449406;-0.000117476784);
clocif x == 9
heoeff = [0.038077947364.0.243834674613,0.604823123690,0.657288078051;
0.133197385825,-0.293273783279;-0.096840783223,0.148540749338,,
0.030725681479;-0.067632829061,0.000250947115;0.022361662124;
-0.004723204758;-0.004281503682.,0.001847646883,0.000230385764;
-0.000251963189.0.000039347320];
clseif x == 10
beoeff = [0.026670057903,0.188176800078;0.527201188932;0.688459039454;
0.281172343661,-0.249846424327,-0.195946274377,0.127369340336;
0.093057364604.-0.071394147166;-0.029457536822.0.033212674059;
0.003606553567,-0.010733175483,0.001395351747,0.001992405295;
-0.000685856695;-0.000116466855,0.000093 588670,-0.000013264203};
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else
heoeff = [I;
break
end
hcoeff = heoeff /sqri(2);
retum

% normalize the “h® vector

ss ssesen
#! /bin/csh -f
1

L4

# metald C-Shell Routine

#

# metal4 is 8 command executable file for the generation of

# the leg®.met metafiles into postacript graphic files for the

# SPARC printer number 14 on the fourth floor of Spanagel 431.
# This routine is system dependentand is g d 10 work

# oa the UNIX based system of the ECE Department at tie Naval
# Postgraduate School.

L4
’
Is -1 leg®.met > tmmmp]
echo *#! /bin/csh -f ° > tnmmp2
awk -F. *{printf "gpp * $1 " -dps -ol \n" ;\
printf “lpri4 * $1 °.ps \n";\
printf *rm * $1 ".ps \n"}’ tnmmp! > > tmmmp?2
chmod 0700 tmmmp2
tmmmp2
rm tmmmpl tmmmp?2
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